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Abstract
String compactifications with non-abelian gauge fields localized on D-branes, with
background NSNS and RR 3-form fluxes, and with non-trivial warp factors, can
naturally exist within T-dual versions of type I string theory. We develop a system-
atic procedure to construct the effective bosonic Lagrangian of type I T-dualized
along a six-torus, including the coupling to gauge multiplets on D3-branes and the
modifications due to 3-form fluxes. Looking for solutions to the ten-dimensional
equations of motion, we find warped products of Minkowski space and Ricci-flat
internal manifolds. Once the warp factor is neglected, the resulting no-scale scalar
potential of the effective four-dimensional theory combines those known for 3-form
fluxes and for internal Yang-Mills fields and stabilizes many of the moduli. We
perform an explicit comparison of our expressions to those obtained from N = 4
gauged supergravity and find agreement. We also comment on the possibility to
include D9-branes with world-volume gauge fluxes in the background with 3-form
fluxes.
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1 Introduction
Orientifolds provide a natural framework for string compactifications that can ac-
commodate space-time filling D-branes, internal fluxes for the various tensor field
strengths and non-trivial warp factors at the same time.1 Since these are the main
ingredients in many of the recent phenomenological investigations concerning low
string scale models [2, 3], moduli stabilization through flux-induced potentials [4]-
[48], Randall-Sundrum-like warped compactifications [49, 50] or any kind of brane
world scenarios, they are of central interest among the classes of string compactifi-
cations relevant for four-dimensional particle physics. They evade the powerful no-
go theorems prohibiting warped compactifications with fluxes to four-dimensional
Minkowski space [51, 52, 53, 54] within the context of Kaluza-Klein reduction of
supergravity, since in contrast to traditional supergravity theories they contain ob-
jects of negative energy density like orientifold planes. However, type I models, or
their T-dual descriptions usually called type I′, are notoriously difficult to treat: no
explicit description of the effective action of type I′ models has been given.2 The
main purpose of the present paper is to remedy this latter point and provide the
effective bosonic action for a certain theory T-dual to type I string theory, includ-
ing the coupling of the supergravity fields to the non-abelian gauge theory sector
localized on D3-branes, as well as the relevant modifications due to background
3-form fluxes. More precisely, we construct the type I′ model with 3-form fluxes,
which in the absence of 3-form fluxes is dual to type I via six T-dualities. We
consider this the simplest version of an orientifold with 3-form fluxes and D-branes
and a starting point for phenomenologically more sophisticated constructions.
The motivation to combine models with D-branes and orientifold planes (O-
planes) with background 3-form fluxes comes from the fact that the former provide
interesting non-abelian gauge fields, potentially with chiral charged matter,3 while
the latter add to the scalar potential of the effective theory, such that at least
some scalar fields get massive and decouple. This removes some of the vacuum
degeneracy, a necessary step on the way to realistic string models. The total scalar
potential gets a contribution not only from the ten-dimensional kinetic term of the
type IIB 3-form, projected to type I′ and including a Chern-Simons (CS) correc-
tion, but also from the Dirac-Born-Infeld (DBI) action of the Yang-Mills (YM)
gauge fields supported by the D-branes. Both the 3-form flux and the gauge fields
1See [1] for a comprehensive introduction to orientifolds.
2But for some information on N = 1 effective four-dimensional type I supergravity in a T-
duality invariant formulation see [55].
3For the most part of this paper we only consider D3-branes at smooth points of the back-
ground, which do not lead to chiral spectra. Generalizations of the present model would need
to include higher-dimensional branes with non-trivial gauge fluxes, singular geometries or with
point-like intersections to support chiral fermionic zero modes (see e.g. [56, 57, 58]), a possibility
which we also comment on in section 5.
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add positive energy densities and the constraints that follow from the equations of
motion require this energy density to cancel against the negative contribution of
orientifold planes in a Minkowski vacuum.
Within supergravity, scalar potentials can be generated by gauging isometries
of the scalar manifold (for a recent review see [59]). A systematic procedure can
be applied to derive the form of the effective action. The effective actions ob-
tained from string compactifications with fluxes have so far been understood as
corresponding to gaugings of a particular type, namely abelian gaugings of Peccei-
Quinn (PQ) isometries, i.e. gaugings of axionic shifts. The N = 4 gauged su-
pergravity describing the type I′ model at hand was studied in a series of papers
[60, 61, 34, 35, 38, 62, 47]. Here we derive the bosonic part of the effective action
by explicitly performing the six T-dualities of type I and make contact with the
formulas of [47], that contains the most explicit formulation of the model, thus
elucidating the correspondence between the field variables used in the supergravity
literature and those naturally arising in string theory. A deeper understanding of
the relation between string compactifications in non-trivial backgrounds and the
gaugings of the relevant supergravity is certainly worthwhile.
It is important to note that for our present purposes T-duality always manifests
itself as a set of field redefinitions in the action. We are not going to transform
a given vacuum of type I, but instead we transform the action for the dynami-
cal degrees of freedom of type I string theory into a formulation in terms of the
type I′ fields after six T-dualities. In performing the six T-dualities we have to
assume the internal space has six isometries (i.e. it is a six-torus). However, after
performing the transformations one can reinterpret the resulting four-dimensional
action as coming from a non-covariant ten-dimensional action of the type I′ theory.
In the ten-dimensional Lagrangian, the closed string fields are allowed to depend
also on all the internal coordinates, while the open string fields only depend on
world-volume coordinates (compare the discussion in [63]).
In deriving the full ten-dimensional action and the correct equations of motion,
we have to make use of an important difference between type I theory and its T-
dual version type I′. This difference permits us, for the type I′ theory, to include
complex 3-form fluxes and other non-dynamical backgrounds even though their
fluctuations are projected out. This comes about by noting that the world sheet
parity Ω which is “divided out” in getting from type IIB to type I string theory is
mapped to ΩΘ(−1)FL under T-duality. Here Θ is the reflection of all internal di-
rections xi and FL the left-moving space-time fermion number operator. A field of
type IIB that was odd under Ω has to vanish at any point in type I theory, whereas
a field odd (even) under ΩΘ(−1)FL is only required to be antisymmetric (symmet-
ric) under xi 7→ −xi in type I′ theory. The zero-mode fluctuations of the bosonic
fields are constant on a torus and therefore have to be even under ΩΘ(−1)FL . On
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the other hand, one can keep all kinds of background terms, which naively do not
appear in the action for the fluctuations obtained from the type I action by T-
duality. Thus, even though the fluctuations of the internal components of the two
antisymmetric 2-tensors of IIB are projected out, one can include a background
flux for the two 3-form field strengths (which are even under ΩΘ(−1)FL , such that
their corresponding potentials are odd), generating a potential for the closed string
moduli. This is the reason why one is interested in the T-dual version of type I
in the first place. In addition also the odd component of the field strength F5
with one or five internal indices can take on a background value as long as it is
antisymmetric under xi 7→ −xi. This is important to find explicit solutions to the
ten-dimensional equations of motion as a non-trivial profile for C4 is needed for
D3-branes or O3-planes to exist.
In order to derive the action of type I′ including the non-dynamical background
terms in the sense explained above, we combine two different strategies. First
we employ six T-dualities of the type I action. This produces an effective action
equivalent to the type I action and therefore including all the consistent couplings of
bulk supergravity and non-abelian gauge fields. However, as we already mentioned,
this requires the fields to be independent of the internal coordinates. In particular
we cannot include any torsion for the metric and therefore it is impossible to
directly derive the effects of NSNS 3-form flux in the T-dual theory this way.4 We
then add in modifications due to fluxes for the NSNS 3-form and F5. The fact that
this adding in by hand is not arbitrary and can be performed in a well defined and
systematic manner rests on the twofold definition of type I′:
T− duality of
Type I
←→ Type IIB
ΩΘ(−1)FL . (1)
This means the closed string sector of the theory can be deduced from the fact
that it is given by projecting the effective action of type IIB by the T-dual world
sheet parity. This second definition does not give any prescription how to incor-
porate the gauge fields, but combined with the knowledge of the T-dual action
of type I, it provides enough additional information to include the closed string
background fields. Thus, the T-duality of type I and the T-dual projection of type
IIB are complementary regarding terms involving the open string fields and the
non-dynamical background fields such as the NSNS 3-form flux, respectively.5 The
resulting action then serves as a four-dimensional effective action for a comparison
to the Lagrangian of the gauged N = 4 supergravity as mentioned already. Rein-
4T-duality in the presence of NSNS flux and the corresponding non-trivial metric configura-
tions have been discussed in [64, 65, 66, 67] (see also [68, 69, 70, 71, 42, 48] for analogous works on
the non-Ka¨hler vacua of the heterotic string). However, there T-duality is not performed along
all the internal coordinates.
5In [72] the effect of fluxes in the world volume theory of branes has been analyzed from a
different point of view, resting on anomaly constraints.
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terpreted as ten-dimensional, we can use it to study more general vacua than torus
compactifications as well.
The solutions for the ten-dimensional equations of motion generalize the situa-
tion without gauge fields considered e.g. in [51, 21]. As in that case, one can find an
explicit solution in the form of a warped product of four-dimensional Minkowski
space and a Ricci-flat internal metric involving also a non-trivial profile for the
components of F5 that respect four-dimensional Poincare´ invariance. The appear-
ance of the warp factor has several implications. On the one hand, warp factors
have been argued [49, 21, 36] to be able to generate exponential hierarchies be-
tween the effective energy scales at different locations on the internal space, such
that gauge fields localized on different D-branes may experience suppression or
enhancement of gravitational and gauge-theoretical effects. On the other hand,
the appearance of the warp factor implies that our actual starting point, a direct
product R4 ×T6, no longer solves the ten-dimensional equations of motion. Thus,
in principle, the warp factor should be taken into account in a dimensional reduc-
tion. However, in the large volume limit the warp factor scales to a constant away
from singular sources, and it has been argued that one may completely neglect it
in this limit [21]. At the classical level, the overall volume is a free parameter,
as is manifest from the no-scale structure of the effective potential (see [73, 74]
for its phenomenological implications). Thus one can choose an arbitrarily large
value and consider the direct-product ansatz as an approximate solution. However,
as soon as quantum corrections to the effective four-dimensional action are taken
into account, this line of reasoning should be modified, as they seem to spoil the
no-scale structure [32, 43]. The same is true if one modifies the model by including
higher-dimensional branes [45, 46]. These are in principle capable of fixing the
overall volume, but in any attempt to do so one has to make sure that this is done
at a value sufficiently large that one can still neglect the warp factor, if the four-
dimensional effective action derived via dimensional reduction is to remain reliable.
In this context we also include some comments on the perspectives of fixing the
overall volume by adding world-volume gauge fluxes on calibrated D9-branes. It
appears that a fixing of the volume at the string scale would be difficult to avoid,
which could invalidate the effective approach.
The paper is organized as follows. In section 2 we develop a systematic pro-
cedure to apply T-duality to type I string theory on the level of the effective La-
grangian including the coupling to gauge fields, and show how to add modifications
due to 3-form fluxes in the background. In section 3 we discuss the effective poten-
tial that arises through this procedure in some detail, its relation to the formulas
known from gauged supergravity, and the truncation to N = 1 supersymmetry.
In section 4 the equations of motions are derived and various forms of constraints
produced. We also discuss briefly how the four-dimensional effective action of the
previous sections can be justified by the large volume scaling argument. In sec-
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tion 5 we finally add a couple of comments on the addition of higher-dimensional
D-branes subject to certain calibration conditions. The appendix collects some
technical material and additions to the main body of the paper.
Before getting started, let us mention the following caveat. Unfortunately,
there is no standard definition of the Hodge-star in the literature about the class
of models under consideration. Our definition, given in appendix A.1, differs from
the one used e.g. in [75, 21, 27] but coincides with the one used in [34, 35, 38, 47].
Thus, what is called an imaginary self-dual (ISD) 3-form flux in [75, 21, 27] is
imaginary anti-self-dual (IASD) in our conventions and vice versa.
2 Construction of the action via T-duality
In this section we perform six T-dualities of type I theory. This operation defines
the effective action of type I′ on the dual six-torus. The main objective, then, is
to find the modifications in the action when complex 3-form fluxes are added to
the background, following the philosophy outlined in the introduction. We first go
through the procedure ignoring the coupling to the non-abelian vector fields of the
open string sector, and only then reconsider the full model.
Our starting point is type I supergravity, which, including the coupling to non-
abelian vectors of the gauge group SO(32), is described by the action
SI = 1
2κ210
∫
d10x
√−g
(
e−2Φ (R + 4∂µΦ∂
µΦ)− 1
2
|F˜3|2
)
− 1
2g210
∫
d10x
√−ge−Φtr |F|2 , (2)
where F = 1
2
FaMNT adxM ∧ dxN is given by
FaMN = 2∂[MAaN ] + fabcAbMAcN (3)
and we use the definition
F˜3 = dC2 − κ
2
10
g210
ω3 (4)
with ω3 the gauge CS 3-form
ω3 = tr
(
A ∧ dA− i2
3
A ∧ A ∧ A
)
. (5)
In general one defines the Chern Simons forms ω2j−1 by
dω2j−1 = trF j . (6)
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Except for all the terms involving the vector fields, the type I action (2) is obtained
by quotienting world sheet parity Ω out of the type IIB action6
SIIB = 1
2κ210
∫
d10x
√−g
(
e−2Φ
(
R + 4∂µΦ∂
µΦ− 1
2
|H3|2
)
(7)
−1
2
(
|F1|2 + |F3|2 + 1
2
|F5|2
))
− 1
4κ210
∫
C4 ∧ dB2 ∧ dC2 ,
with
F3 = dC2 + C0dB2 ,
F5 = dC4 +
1
2
C2 ∧ dB2 − 1
2
B2 ∧ dC2 (8)
and H3 = dB2, F1 = dC0. After modding out Ω, only the RR 2-form enters (2) via
F3 = dC2, while the NSNS 2-form B2 is projected out. Similarly, the T-dual version
is a truncation of the type IIB theory (modding out the T-dual Ω-projection (1))
coupled to vectors. The duality operation then replaces the degrees of freedom
{gIJ , C2,Φ} of type I by those of type I′, which are
1 graviton : gµν ,
12 gauge bosons : Biµ , Ciµ ,
38 scalars : gij , Cijkl , τ = C0 + ie
Φ . (9)
In terms of N = 4 supersymmetry, these make up a spin-2 and six abelian vector
multiplets. In addition, there are vector multiplets with bosonic field content
(Aaµ, A
a
i ) in the adjoint of the gauge group, a subgroup of SO(32). These fields
are referred to as open string fields and arise from the presence of D3-branes, the
T-dual images of the D9-branes of type I. The O9-plane of type I theory splits into
64 O3-planes, but in the presence of fluxes the number ND3 of D3-branes needed
to cancel their charge is no longer fixed. Rather, turning on 3-form flux modifies
the tadpole condition to [21]
1
2
Nflux +ND3 = 16 , (10)
thus effectively replacing some of the D3-branes by flux. The precise form of Nflux
will be given later, cf. (91).
2.1 T-duality rules
For some of the conventions used in the following we refer the reader to the ap-
pendix. Using the standard Kaluza-Klein (KK) ansatz for the metric
ds210 = gIJdx
IdxJ = gµνdx
µdxν +Gij(dy
i + Aiµdx
µ)(dyj + Ajνdx
ν) , (11)
6The issue of the self-duality constraint on F5 will be dealt with later.
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the transformations of the NSNS sector can be deduced from e.g. [76]. The formulas
for the replacements according to dualizing all six circles simplify for type I to
Gij 7→ Gij , gµν 7→ gµν , (12)
and
gµk 7→ GkiBµi. (13)
This last operation (13) amounts to replacing the KK vectors by Aiµ 7→ Bµi, since
gµk = GikA
i
µ. Finally, the dilaton transforms according to
e2Φ 7→ e
2Φ
det(Gij)
. (14)
Note that we do not distinguish the fields of type I or its T-dual from their an-
cestor fields in type IIB, since we identify the effective action that is obtained by
projection from type IIB with that of type I (respectively its T-dual) when the
open string vector fields are set to zero.
The transformation properties of the RR fields on a higher-dimensional torus
can be found e.g. in [77, 64, 78]. We will stick to the formalism of [77] here, which
leads to the same results as the one of [64, 78]. It was shown there that the type
IIB equations of motion for the action (7) can alternatively be derived from an
action that is manifestly invariant under T-duality, where the second line of (7),
the kinetic terms for the RR forms plus the CS term, is replaced by7
SRR+CS → − 1
8κ210
5∑
q=1
|F2q−1|2 , (15)
and Fp is now defined more generally as
5∑
q=1
F2q−1 = e
−B2 ∧
4∑
q=0
dD2q . (16)
It is important that no CS term needs to be included explicitly in (15). It would
appear automatically if one dualizes the forms of high degree, see [77] for more
details. The Dp transform in the spinor representation of O(6, 6,Z) [77, 64, 78].
To complete the definitions note
D0 = C0 , D2 = C2 + C0B2 , D4 = C4 +
1
2
B2 ∧ C2 + 1
2
C0B
2
2 , (17)
and
∗ F1 = F9 , ∗F3 = −F7 , ∗F5 = F5 , (18)
7A similar democratic version of type II supergravity was discussed in [79].
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the latter to be imposed after deriving the equations of motions from the action.
One can actually give a more explicit definition for the field strengths of higher
degree and we will use this later in (89), see e.g. [79].
We are now interested only in the particular element of the whole O(6, 6,Z)
symmetry group that corresponds to (12). This element is given by8
Dµ1...µqi1...in 7→
(−1)n(n−1)/2
(6− n)! ǫˆi1...in
in+1...i6Dµ1...µqin+1...i6 , (19)
where the hat on ǫˆ means that here the epsilon-symbol takes values ǫˆ1 ... 6 = ǫˆ1 ...6 =
1 and the indices are contracted with Kronecker-deltas instead of the metric. To
write (19) in terms of tensor quantities, one has to factor out the determinant
G = det(Gij) from the internal metric to cancel the factor G appearing in the
contractions, that is
Dµ1...µqi1...in 7→
(−1)n(n−1)/2√G
(6− n)! ǫ
i1...i6Dµ1...µqin+1...i6 . (20)
Now ǫ1 ...6 =
√
G, ǫ1 ...6 = 1/
√
G and indices are contracted with Gij . The field
strengths Fp can be transformed in a similar vein, by simply replacing Dp with
dDp in (20) [64]. Thus the components of the RR 3-form field strength have the
following transformation properties9
(dC2)
{0,3}
ijk 7→ −
√
G
3!
ǫijklmn(dD2)
{0,3}
lmn ,
(dC2)
{1,2}
µij 7→ −
√
G
4!
ǫijklmn(dD4)
{1,4}
µklmn ,
(dC2)
{2,1}
µνi 7→ +
√
G
5!
ǫijklmn(dD6)
{2,5}
µνjklmn , (21)
(dC2)
{3,0}
µνρ 7→ +
√
G
6!
ǫijklmn(dD8)
{3,6}
µνρijklmn .
It is evident that the T-dual of the type I RR 2-form also includes RR forms of
degree six and eight, which we later dualize to forms of lower degree. Finally,
according to [63] the internal components of the non-abelian vectors are mapped
via
Aai 7→ Aai , (22)
which is easily applied to F and ω3. It is important to note that the Aai are
actually the independent dual open string moduli, in other words, the dual scalars
Aai depend implicitly on the metric. The same is then true e.g. for Fij and ωijk.
8Note that the overall sign is arbitrary. The derivation of the transformation rules from the
rules given in [77] is performed in the appendix (but see also [78]).
9Once more, we would like to refer to the appendix for the definitions of the notations used
here. The upper indices {p, q} refer to the bi-degree as forms on the non-compact and internal
part of the ten-dimensional space-time.
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2.2 T-duality without vectors
We now apply the rules assembled in the previous section, first to the pure super-
gravity part of the type I bosonic action. Our starting point is (2) with the vectors
erased,
SI[A = 0] = 1
2κ210
∫
d10x
√−g
(
e−2Φ (R + 4∂µΦ∂
µΦ)− 1
2
|F3|2
)
, (23)
which we split into
SI[A = 0] = SNSNS + SRR . (24)
Let us consider the NSNS part first. Using the rules of the last section and the usual
form of the NSNS action on a torus (see e.g. (2.17) of [80]), it is straightforward
to verify that it is mapped as
SNSNS 7→ 1
2κ210
∫
d10x
√−ge−2Φ
(
R + 4∂µΦ∂
µΦ− 1
4
GijHiµνH
µν
j
)
, (25)
where we defined
Hjνσ = 2∂[νBσ]j . (26)
Note that after T-duality the metric in (9) has no off-diagonal components and
that the original Kaluza-Klein vectors have been mapped to components of the
NSNS B-field (26).
Let us now consider the RR part. There is a helpful trick to make the appear-
ance of the KK vectors explicit [77]. Using (11) one can rewrite the kinetic terms
for the RR forms as
|Fp|2 = |F ′p|2Gij ,gµν (27)
by redefining
F ′p = Fp|dyi 7→dyi−Aiµdxµ . (28)
On the left-hand side of (27) the contractions are performed with the full metric,
whereas on the right-hand side, the off-diagonal part is omitted and absorbed into
a redefinition of the field strength. In other words, defining new forms as in (28)
one can perform all contractions using the internal or external components of the
metric only. In the dual theory F ′p = Fp and we can omit the prime. Using (21),
we obtain
(F ′3)
{n,3−n}
µ1...µni1...i3−n
7→ (−1)(3−n)(2−n)/2
√
G
(3 + n)!
ǫi1...i6(F3+2n)
{n,3+n}
µ1...µni4−n...i6
. (29)
The right-hand side exactly takes the form of (16) subject to the projection in the
T-dual model. This is because the KK vectors of the metric, that appear in the
10
definition (28) of F ′3, are mapped to those of the NSNS B-field exactly in a way
required by (16). Applying (29) in (23) maps the RR kinetic term according to
− 1
4κ210
∫
d10x
√−g|F3|2 7→ 1
4κ210
∫ (
F
{3,6}
9 ∧ ∗F {3,6}9 + F {2,5}7 ∧ ∗F {2,5}7 (30)
+F
{1,4}
5 ∧ ∗F {1,4}5 + F {0,3}3 ∧ ∗F {0,3}3
)
,
where the Hodge star ∗ is with respect to the ten-dimensional T-dual metric. In
applying the T-duality rules of section 2.1 along all six internal directions, we
have to assume that none of the fields depend on the internal coordinates. This is
in particular true for the metric components (11). Thus we do not consider any
non-trivial spin connection for the metric before T-duality. From the results of
[64, 65, 66, 67] this implies that we are not able to produce any non-trivial NSNS
flux directly via T-duality and in (30) we implicitly assume (dB2)
{0,3} = 0.
In principle (30) gives all the terms in the T-dual theory that come from the
RR 3-form field strength of type I, including a purely internal part F
{0,3}
3 . In order
to make contact with the standard form that would be obtained from type IIB by
the T-dual projection, which involves only field strengths of degree five and lower,
we next remove the RR forms of unconventionally high degree from the action in
favor of their dual forms. According to the standard procedure (see e.g. [81]) this
would amount to imposing the Bianchi identity for F
{3,6}
9 and F
{2,5}
7 , respectively,
via Lagrange multipliers and then integrating out F
{3,6}
9 and F
{2,5}
7 , leaving the
Lagrange multipliers as the dual degrees of freedom. However, in the presence of
3-form flux F
{0,3}
3 this method does not seem to be applicable in a straightforward
way.10 We therefore follow a different strategy, first setting also the RR 3-form flux
in (30) to zero. For this case we perform the dualization of F
{3,6}
9 and F
{2,5}
7 and
only afterwards infer the effects of non-vanishing flux in the effective action.
So let us for the moment consider (30) without the 3-form flux. In order to
dualize F
{3,6}
9 we impose its Bianchi identity by adding a Lagrange multiplier term
δS = − 1
2κ210
∫
C0d
{1,0}
(
F
{3,6}
9 +B
{1,1}
2 ∧(dD6){2,5}−
1
2
(B
{1,1}
2 )
2∧(dD4){1,4}
)
. (31)
We called the Lagrange multiplier C0, anticipating that it will be identified with
the RR scalar in a moment. This becomes clear by inspection of its kinetic term
10The problem derives from the fact that if one naively imposes the Bianchi identities of
F
{3,6}
9 and F
{2,5}
7 one generates terms involving different components of the RR field strengths
as appearing in (30), like e.g. F
{4,3}
7 . Their proper treatment requires one to use a democratic
version of type I supergravity, involving C2 and C6 on the same footing before T-duality, cf.
appendix C. After T-duality this would also include kinetic terms for F
{4,3}
7 etc., which make it
possible to properly dualize these components.
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(34) below and by comparison with the (truncated) type IIB action. A partial
integration in the first term of (31) leads to
δS = 1
2κ210
∫
(dC0)
{1,0} ∧ F {3,6}9 −
1
2κ210
∫
C0 (dB2)
{2,1} ∧ F {2,5}7 . (32)
Now integrating out F
{3,6}
9 through
∗ F {3,6}9 = (dC0){1,0} (33)
and plugging this back into the action produces a kinetic term for C0:
1
4κ210
∫
(dC0)
{1,0} ∧ ∗(dC0){1,0} = − 1
4κ210
∫
d10x
√−g|F {1,0}1 |2 . (34)
If we next want to integrate out F
{2,5}
7 we impose its Bianchi identity by adding a
Lagrange multiplier term
δS = 1
2κ210
∫
C
{1,1}
2 ∧ d{1,0}
(
F
{2,5}
7 +B
{1,1}
2 ∧ dD{1,4}4
)
. (35)
Again we anticipate that the Lagrange multiplier is identified with the RR 2-form,
as can be read off from (38) below. Then it is also clear that the only relevant
component of C2 is C
{1,1}
2 . Performing a partial integration for the first term of
(35) leads to
δS = − 1
2κ210
∫
(dC2)
{2,1} ∧F {2,5}7 +
1
2κ210
∫
(C2)
{1,1} ∧ (dB2){2,1} ∧ (dC4){1,4} . (36)
Together with (32), integrating out F
{2,5}
7 now gives
∗ F {2,5}7 = −(dC2){2,1} − C0(dB2){2,1} . (37)
Inserting this into the action we obtain the kinetic term
1
4κ210
∫ (
(dC2)
{2,1} + C0(dB2)
{2,1}
) ∧ ∗ ((dC2){2,1} + C0(dB2){2,1}) (38)
= − 1
4κ210
∫
d10x
√−g|F {2,1}3 |2 ,
and a Chern-Simons term
SCS = 1
2κ210
∫
(dC2)
{1,1} ∧ (dB2){2,1} ∧ C{0,4}4 . (39)
In this way, rewriting the T-dual of the type I action in terms of potentials with
degree up to four produces the correct CS term that one expects from truncating
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type IIB, even though type I does not possess such a term on its own. In all,
this action is exactly what one would get from a reduction of type IIB subject to
imposing the self-duality constraint on F5, as we verify in appendix B.
Let us now study what changes should occur due to inclusion of 3-form flux.
As was explained in the introduction, we make use of the fact that type I′ theory
with all non-abelian vector fields set to zero is a truncation of type IIB by modding
out the T-dual projection (1). It is obvious from the last term of (30) that a scalar
potential appears in the presence of flux. From (30) we would infer a term11
− 1
4κ210
∫
d10x
√−g|F {0,3}3 |2 , (40)
where, as mentioned below (30), only a F
{0,3}
3 = (dC2)
{0,3} term arises directly
from T-duality. However, comparing to the type IIB action truncated by (1), the
expression (40) for the potential receives an additional contribution from the NSNS
sector of the type IIB action, i.e. from the term
− 1
4κ210
∫
d10x
√−ge−2Φ|H{0,3}3 |2 , (41)
and another modification due to the fact that the RR 3-form field strength actually
appears in the combination (8). Then the total potential can be expressed via the
complex combination
G3 = dC2 + τdB2 = F3 + ie
−ΦH3 , (42)
where τ = C0 + ie
−Φ, in the form
Spot = − 1
4κ210
∫
d10x
√−g|G{0,3}3 |2 . (43)
Coupling the theory to the D3-branes will, besides other modifications, give rise
to further contributions to the potential, coming from the world-volume scalars
and from the tension of the branes. From the point of view of the truncated type
IIB theory, (43) is the obvious part of the potential, while from the point of view
of type I′ it is the other way around and (43) cannot be derived directly via T-
duality. Since the internal components C
{0,2}
2 and B
{0,2}
2 are projected out of the
spectrum, G
{0,3}
3 is not a flux for any (dynamical) field strength in type I
′, but just
some antisymmetric background parameter. It is then not obvious that a potential
term (43) can appear as part of a consistent modification of the Lagrangian that
11Calling this term a potential is slightly imprecise, as (40) is still a term in the T-dual ten-
dimensional action. What we mean is of course that this term leads to a potential in the effective
theory - after dimensional reduction.
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allows supersymmetry to be preserved on the level of the action. It can be deduced
from a comparison with type IIB, but the systematic approach to determine such
potentials is through gauged supergravity [34, 38, 47].
Furthermore, the kinetic term for the scalars C
{0,4}
4 , i.e. the penultimate term
in (30), is modified in the presence of fluxes. Again, via T-duality one can only
infer a correction F
{1,4}
5 = (dC4)
{1,4} − 1
2
B
{1,1}
2 ∧ (dC2){0,3}, but comparison with
type IIB (8) shows that actually the combination
F
{1,4}
5 = (dC4)
{1,4} − 1
2
B
{1,1}
2 ∧ (dC2){0,3} +
1
2
C
{1,1}
2 ∧ (dB2){0,3} (44)
appears. Finally, when dualizing F
{3,6}
9 and F
{2,5}
7 one would in principle have
to adapt their Bianchi identities in (31) and (35). Fortunately, this would just
influence the resulting Chern-Simons term and not the kinetic terms for C0, C
{1,1}
2
and B
{1,1}
2 . Hence, the kinetic terms in the RR sector after T-duality are
Skin = − 1
4κ210
∫
d10x
√−g
(
|(dC0){1,0}|2 + |(dC2){2,1} + C0(dB2){2,1}|2
+ |(dC4){1,4} − 1
2
B
{1,1}
2 ∧ (dC2){0,3} +
1
2
C
{1,1}
2 ∧ (dB2){0,3}|2
)
= − 1
4κ210
∫
d10x
√−g
(
|F {1,0}1 |2 + |F {2,1}3 |2 + |F {1,4}5 |2
)
. (45)
We see that under a gauge transformation of the Kaluza-Klein vectors C
{1,1}
2 and
B
{1,1}
2 , the scalars C
{0,4}
4 have to transform in order to render their kinetic term
gauge invariant. This complication can be turned to our advantage in that it
reveals the necessary modification of the CS terms as in [60]. The Chern-Simons
term must be modified to
2κ210SCS =
∫
(dC2)
{2,1} ∧ (dB2){2,1} ∧ C{0,4}4
− 1
2
∫
C
{1,1}
2 ∧ (dB2){2,1} ∧B{1,1}2 ∧ (dC2){0,3}
− 1
2
∫
B
{1,1}
2 ∧ (dC2){2,1} ∧ C{1,1}2 ∧ (dB2){0,3} . (46)
In summary, the RR part of the action (without vectors) is of the form
SRR = Spot + Skin + SCS , (47)
where Spot, Skin and SCS are given by (43), (45) and (46).
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To illustrate the notation let us write out the covariant derivative for the axions
descending from C4. Since the only dynamical components of B2 and C2 are B
{1,1}
2
and C
{1,1}
2 , the last term in (45) is proportional to the square of
∂µ(C4)ijkl − 2(B2)µ[i(dC2)jkl] + 2(C2)µ[i(dB2)jkl] . (48)
In order to make contact with the standard conventions in supergravity, as used
in [28, 34, 47] in particular, let us introduce a different parameterization of the
axionic scalars
∂µ(C4)ijkl =
1
2
1√
G
ǫijklmn∂µβ
mn ,
(B2)µ[i(dC2)jkl] = −1
8
ǫijklmn(⋆dC2)
mnp(B2)µp , (49)
and similarly for the third term, with ⋆ denoting the six-dimensional internal Hodge
operator. This leads to a covariant derivative
Dµβ
ij = ∂µβ
ij +
1
2
√
G(⋆dC2)
ijk(B2)µk − 1
2
√
G(⋆dB2)
ijk(C2)µk (50)
for βij. Note that the combinations
√
G(⋆dC2)
ijk and
√
G(⋆dB2)
ijk are actually
constant, independent of the metric, for constant background fluxes (dC2)ijk and
(dB2)ijk. They correspond to the flux parameters f
ΛΣΓ
α of [34], while the β
ij serve
as axionic moduli also independent of the metric. Later we will come back to the
precise relation between our notation and the one used in [34, 47]. In the light
of (21), the reparameterization (49) just reintroduces the T-dual variables, which
reflects the fact that the dependence of mass parameters on the radii of the torus
was found to be inverted in [34].
2.3 Coupling to vector fields
In the previous section we have performed the T-duality of the type I action without
vector fields, reorganized the RR forms to be able to compare to the truncated type
IIB action, and then deduced the modification due to 3-form fluxes. We now want
to add in the CS correction appearing in (4) and the Yang-Mills action for the
vectors. Thus, our starting point is now (2). In order to T-dualize (2) we need to
make the appearance of the KK vectors in the terms involving F and ω3 explicit.
Let us take F first. On a torus we have
Faµν = 2∂[µAaν] + fabcAbµAcν ,
Faµi = DµAai = ∂µAai + fabcAbµAci ,
Faij = fabcAbiAcj . (51)
Our notation does not distinguish scalars Ai from vector fields Aµ and we do not
use a background gauge flux faij . This is related to the fact that we intend to stick
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to D3-branes after the T-duality. We shall come back to this point later. As in
(28) we introduce the components of F ′ as
F ′aµν = Faµν + 2Ai[µFaν]i + FaijAi[µAjν] ,
F ′aµi = Faµi + FaijAjµ , (52)
F ′aij = Faij ,
where FaMN is defined as in (3). Using new vector fields, invariant under KK gauge
transformations,
A˜aµ = A
a
µ − AaiAiµ , (53)
it is straightforward to verify the relations
F ′aµi = D˜µAai , (54)
F ′aµν = F˜aµν + 2∂[µAiν]Aai ,
where we used
D˜µA
a
i = ∂µA
a
i + f
abcA˜bµA
c
i ,
F˜aµν = 2∂[µA˜aν] + fabcA˜bµA˜cν . (55)
Thus, using (22), the kinetic term for the vectors is mapped as follows under T-
duality:∫
d10x
√−ge−Φtr |F|2 7→
∫
d10x
√−g4e−Φ
(
Gijg
µνD˜µA
aiD˜νA
aj
+
1
2
gµνgρσ(F˜aµρ +HiµρAai)(F˜aνσ +HjνσAaj) (56)
+
1
2
GijGklf
abcfadeAbiAckAdjAel
)
,
where now
A˜aµ = A
a
µ −AaiBµi , (57)
andHiµν is given by (26). The term in the last line of (56) represents a contribution
to the potential for the open string fields and can also be written as tr|F{0,2}|2 up to
a constant. Notice that (56) is separately invariant under the gauge transformations
Bµi → Bµi + ∂µǫi , (58)
with A˜aµ and A
ai inert, and
A˜aµ → A˜aµ + ∂µǫa + fabcA˜bµǫc , Aai → Aai + fabcAbiǫc , (59)
with Bµi inert.
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Let us now turn to the mapping of ω3 under the duality transformation, shifting
to ω′3 as before. It is given by
(ω′3)
{0,3}
ijk 7→
1
3!
ǫijklmn (⋆ω3)
{0,3}
lmn , (60)
(ω′3)
{1,2}
µij 7→ ǫijklmn
(
1
4!
(⋆ω3)
{1,4}
µklmn −
1
3!
(B2)
{1,1}
µk (⋆ω3)
{0,3}
lmn
)
,
1
2
(ω′3)
{2,1}
µνi 7→ ǫijklmn
(
1
2
1
5!
(⋆ω3)
{2,5}
µνjklmn
− 1
4!
(B2)
{1,1}
[µ|j| (⋆ω3)
{1,4}
ν]klmn +
1
2
1
3!
(B2)
{1,1}
[µ|j| (B2)
{1,1}
ν]k (⋆ω3)
{0,3}
lmn
)
,
1
3!
(ω′3)
{3,0}
µνρ 7→ ǫijklmn
(
1
3!
1
6!
(⋆ω3)
{3,6}
µνρijklmn −
1
2
1
5!
(B2)
{1,1}
[µ|i| (⋆ω3)
{2,5}
νρ]jklmn
+
1
2
1
4!
(B2)
{1,1}
[µ|i| (B2)
{1,1}
ν|j| (⋆ω3)
{1,4}
ρ]klmn
− 1
(3!)2
(B2)
{1,1}
[µ|i| (B2)
{1,1}
ν|j| (B2)
{1,1}
ρ]k (⋆ω3)
{0,3}
lmn
)
.
Since ⋆ denotes the six-dimensional internal Hodge operation, ⋆ω3 is a formal sum
of forms of degree 3, 5, 7 and 9:
⋆ ω3 = (⋆ω3)
{0,3} + (⋆ω3)
{1,4} + (⋆ω3)
{2,5} + (⋆ω3)
{3,6} . (61)
Together with (21) we can then write
(F˜ ′3)
{p,3−p}
µ1...µpi1...i3−p
7→ −(−1)
p(p−1)/2
√
G
(p+ 3)!
ǫi1...i3−pj1...j3+p(Fˆ
{p,p+3}
3+2p )µ1...µpj1...j3+p , (62)
where we have defined
Fˆ
{p,p+3}
3+2p =
[
e−B ∧
p∑
q=0
(
dD + γ(−1)q(q−1)/2 ⋆ ω3
){q,q+3}]{p,p+3}
. (63)
with the abbreviation
γ =
κ210
g210
√
G
. (64)
Using this rule, (30) now becomes
− 1
4κ210
∫
d10x
√−g|F˜3|2 7→ 1
4κ210
∫ (
Fˆ
{3,6}
9 ∧ ∗Fˆ {3,6}9 + Fˆ {2,5}7 ∧ ∗Fˆ {2,5}7 (65)
+Fˆ
{1,4}
5 ∧ ∗Fˆ {1,4}5 + Fˆ {0,3}3 ∧ ∗Fˆ {0,3}3
)
.
The potential term |Fˆ {0,3}3 |2 is now modified due to the open string scalars. For
vanishing 3-form flux and taken together with the potential term of (56), this is
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the potential known also for the heterotic string [82, 83, 84].
To eliminate the RR forms of high degree, we now follow the same procedure
as before and assume vanishing 3-form flux while dualizing Fˆ
{3,6}
9 and Fˆ
{2,5}
7 . In
order to dualize Fˆ
{3,6}
9 , we impose its Bianchi identity by adding the Lagrange
multiplier term (anticipating that the Lagrange multiplier will be identified with
the RR scalar as in (31))
δS = − 1
2κ210
∫
C0d
{1,0}
[
Fˆ
{3,6}
9 +B
{1,1}
2 ∧ (dD6){2,5} −
1
2
(B
{1,1}
2 )
2 ∧ (dD4){1,4}
+γ
(
(⋆ω3)
{3,6} −B{1,1}2 ∧ (⋆ω3){2,5} (66)
−1
2
(B
{1,1}
2 )
2 ∧ (⋆ω3){1,4} + 1
3!
(B
{1,1}
2 )
3 ∧ (⋆ω3){0,3}
)]
=
1
2κ210
∫
(dC0)
{1,0} ∧ Fˆ {3,6}9 −
1
2κ210
∫
C0
[
(dB2)
{2,1} ∧ Fˆ {2,5}7
+ d{1,0}
(
γ(⋆ω3)
{3,6}
)−B{1,1}2 ∧ d{1,0} (γ(⋆ω3){2,5})
− 1
2
(B
{1,1}
2 )
2 ∧ d{1,0} (γ(⋆ω3){1,4})+ 1
3!
(B
{1,1}
2 )
3 ∧ d{1,0} (γ(⋆ω3){0,3}) ] .
Integrating out Fˆ
{3,6}
9 leads to the same result as in (34) and the only difference, as
compared to the case without vectors, appears in the structure of the Chern-Simons
terms. To replace Fˆ
{2,5}
7 we add
δS = 1
2κ210
∫
C
{1,1}
2 ∧ d{1,0}
(
Fˆ
{2,5}
7 +B
{1,1}
2 ∧ dC{1,4}4 (67)
+ γ
[
− (⋆ω3){2,5} − B{1,1}2 ∧ (⋆ω3){1,4} +
1
2
(B
{1,1}
2 )
2 ∧ (⋆ω3){0,3}
])
.
Again, integrating out Fˆ
{2,5}
7 leads to the old result (38). Further, apart from the
kinetic and potential terms given in (34), (38) and the second line of (65), we
obtain the following Chern-Simons terms
SCS = 1
2κ210
∫
γ
((
(dC2)
{2,1} − C0(dB2){2,1}
)
∧
(
(⋆ω3)
{2,5} +B
{1,1}
2 ∧ (⋆ω3){1,4} −
1
2
(
B
{1,1}
2
)2
∧ (⋆ω3){0,3}
)
+ (dC0)
{1,0} ∧
(
(⋆ω3)
{3,6} − B{1,1}2 ∧ (⋆ω3){2,5}
− 1
2
(
B
{1,1}
2
)2
∧ (⋆ω3){1,4} + 1
3!
(
B
{1,1}
2
)3
∧ (⋆ω3){0,3}
))
+
1
2κ210
∫
(dC2)
{2,1} ∧ (dB2){2,1} ∧ C{0,4}4 . (68)
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Using (64), the definition
Fjµν = 2∂[µCν]j , (69)
and the expressions
(ω3)µνρ = 6A
a
[µ∂νA
a
ρ] + 2f
abcAaµA
b
νA
c
ρ ,
(ω3)µν
i = 2Aa[µ∂ν]A
ai + 2Aai∂[µA
a
ν] + 2f
abcAaµA
b
νA
ci ,
(ω3)µ
ij = −2Aa[i∂µAaj] + 2fabcAaµAbiAcj ,
(ω3)
ijk = 2fabcAaiAbjAck , (70)
one finds
1
2
(ω3)µν
i +B[µ|j|(ω3)ν]
ij − 1
2
B[µ|j|Bν]k(ω3)
ijk
= AaiF˜µν + AaiAaj∂[µBν]j − 2∂[µ
(
AaiA˜aν]
)
,
(ω3)µνρ − 3B[µ|i|(ω3)νρ]i + 3B[µ|i|Bν|j|(ω3)ρ]ij −B[µ|i|Bν|j|Bρ]k(ω3)ijk
= (ω˜3)µνρ + 6A
aiA˜a[µ∂νBρ]i , (71)
where we also used the definitions (55) and (57). Now one can express the Chern-
Simons terms as
SCS = − 1
4κ210
∫
d10x
√−gγǫµνρσ
(1
2
C0F˜aµνF˜aρσ (72)
− (Fjµν − C0Hjµν)
(
AajF˜aρσ +
1
2
AajAaiHiρσ
))
+
1
2κ210
∫
(dC2)
{2,1} ∧ (dB2){2,1} ∧ C{0,4}4 .
As will be pointed out in section 2.6, this expression matches the results obtained
from supergravity (up to some numerical factors).
Let us again see which changes occur in the presence of 3-form flux. As in
the case without vectors, (65) shows that the kinetic term for the scalars C
{0,4}
4
changes and additional terms in the potential appear. The covariant derivative of
the axions (C4)ijkl, which was (48) when setting all open string fields to zero, now
reads
∂µ(C4)ijkl − 2(B2)µ[i(dC2 + 2γ ⋆ ω3)jkl] + 2(C2)µ[i(dB2)jkl] + γ(⋆ω3)µijkl . (73)
Introducing alternative variables as in (50) one can rewrite this up to an overall
factor as
Dµβ
ij = ∂µβ
ij +
1
2
√
G(⋆dC2)
ijk(B2)µk − 1
2
√
G(⋆dB2)
ijk(C2)µk
+ γ
√
G
(
(ω3)µ
ij − (ω3)ijkBµk
)
. (74)
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Using (70), (55) and (57) we see that
(ω3)µ
ij − (ω3)ijkBµk = −2Aa[iD˜µAaj] . (75)
Thus (74) can alternatively be written as
Dµβ
ij = ∂µβ
ij +
1
2
√
G(⋆dC2)
ijk(B2)µk − 1
2
√
G(⋆dB2)
ijk(C2)µk − 2
√
GγAa[iD˜µA
aj] .
(76)
Now (76) is invariant under the gauge transformation (59), whereas invariance
under (58) requires βij to transform according to
βij → βij − 1
2
√
G(⋆dC2)
ijkǫk . (77)
Similarly, under
(C2)µk → (C2)µk + ∂µǫk (78)
βij has to transform by
βij → βij + 1
2
√
G(⋆dB2)
ijkǫk . (79)
In the framework of gauged supergravity this implies that the same translational
isometries of the RR scalars are gauged as in the case without vectors [34, 47]. De-
manding invariance of the action under gauge-transformations of the Kaluza-Klein
vectors requires that the Chern-Simons term in the last line of (72) is replaced
by (46), analogously to the case without vectors. Apart from this modification
we do not expect any further changes to (72) due to the fluxes, because the open
string Chern-Simons terms do not involve the axions (C4)ijkl and are already by
themselves invariant under gauge-transformations of the Kaluza-Klein vectors.12
On the other hand, the 3-form potential does receive additional contributions
as argued above in the case without vectors. Comparison with type IIB theory
implies that there is an additional potential term of the form |H{0,3}3 |2 and that
instead of (dC2+ γ ⋆ ω3)
{0,3} it is the full (dD2+ γ ⋆ ω3)
{0,3} that should enter into
|Fˆ {0,3}3 |2. The two terms can again be combined to give
|(F3 + γ ⋆ ω3){0,3}|2 + e−2Φ|H{0,3}3 |2 = |(G3 + γ ⋆ ω3){0,3}|2 ≡ |Gˆ{0,3}3 |2 . (80)
Actually, there is a loop-hole in our strategy to combine the T-dual data and the
truncated type IIB action in this case. The expression (80) contains the cross-term
2γC0(dB2)ijk(⋆ω3)
ijk. This term contains NSNS 3-form flux and open-string fields
at the same time and thus vanishes in both limits. Furthermore, its presence or
12Ultimately, this is justified by comparison to the gauged supergravity of [47] and, as men-
tioned already, our results match the expressions given in [47] without further modifications.
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absence is not restricted by any symmetry argument. This is different from the
corresponding cross-term in the kinetic term for βij, which is required by KK gauge
invariance, cf. (76). Also the shift-symmetry of C0 is broken by the presence of
the D3-branes and can not help to fix the coefficient of γC0(dB2)ijk(⋆ω3)
ijk. Nev-
ertheless, we believe that (80) is the correct combination, because it leads to the
same potential as found in the supergravity approach [38, 47], as we will show in
a moment.
Putting all the pieces together, the bosonic action derived by T-duality of the
type I string contains four different parts
S = SEH + Skin + Spot + SCS . (81)
In the string frame, they are given in turn by
SEH = 1
2κ210
∫
d10x
√−ge−2ΦR ,
Skin = 1
2κ210
∫
d10x
√−ge−2Φ
(
4∂µΦ∂
µΦ− 1
4
GijHiµνH
µν
j
)
− 1
4κ210
∫
d10x
√−g
(
|F {1,0}1 |2 + |F {2,1}3 |2 + |Fˆ {1,4}5 |2
)
− 1
2κ210
∫
d10x
√−gγe−Φ
(
Gijg
µνD˜µA
aiD˜νA
aj
+
1
2
gµνgρσ(F˜aµρ +HiµρAai)(F˜aνσ +HjνσAaj)
)
, (82)
Spot = − 1
4κ210
∫
d10x
√−g
(
|Gˆ{0,3}3 |2 + 2γe−Φtr |F{0,2}|2
)
, (83)
SCS = − 1
4κ210
∫
d10x
√−gγǫµνρσ
[1
2
C0F˜aµνF˜aρσ
− (Fjµν − C0Hjµν)
(
AajF˜aρσ +
1
2
AajAaiHiρσ
)]
+
1
2κ210
∫
(dC2)
{2,1} ∧ (dB){2,1} ∧ C{0,4}4
− 1
4κ210
∫
C
{1,1}
2 ∧ (dB2){2,1} ∧ B{1,1}2 ∧ (dC2){0,3}
− 1
4κ210
∫
B
{1,1}
2 ∧ (dC2){2,1} ∧ C{1,1}2 ∧ (dB2){0,3} . (84)
2.4 Additional modifications from the non-abelian DBI
To identify candidate couplings in the effective action that involve 3-form flux and
open string fields at the same time, one can study the non-abelian D-brane world
volume action in the formulation given in [63]. It turns out that only the DBI part
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contains a term that has to be addded to the effective action derived via T-duality.
The CS part in principle has the potential to modify the tadpole condition, but
we will argue that actually it does not.
From the expansion of the DBI action for a D3-brane in the presence of NSNS 3-
form flux one deduces a correction to the effective action [63] that in our conventions
reads
i
3g210
√
G
e−Φtr(AiAjAk)Hijk = − 1
2κ210
1
3!
γe−Φωijk3 Hijk . (85)
This term represents an extra contribution to the naive abelian term for the ten-
sion of a D3-brane in the presence of NSNS 3-form flux.
By analyzing the non-abelian CS action of the D3-branes one may have expected
a modification of the relevant component of the equation of motion for C4, since
one finds a further coupling linear in C
{4,0}
4 , i.e.∫
tr
(
C
{4,0}
4 iAiAB2
)
∼
∫
d4x
√−g4ǫµνρσ(C4)µνρσHijk tr(AiAjAk) , (86)
using the symbolic notation of [63], i.e. iAiAB2 = A
jAiBij . This term could po-
tentially modify the tadpole cancellation condition for D3-brane charge. However,
one has to take into account that the CS action involves RR-fields of all degrees
and (86) is accompanied by another contribution, the direct analogue of the term
that lead to dielectric D0-branes in [63],∫
tr
(
P [iAiA C6]
)
∼
∫
d4x
√−g4ǫµνρσ(dC6)µνρσijktr(AiAjAk) , (87)
where P denotes the (non-abelian) pull-back. The component of dC6 that occurs
here is related to the 3-form flux via duality. To make this more precise, one has to
use the democratic version of the ten-dimensional type I action (already mentioned
in footnote 10), that involves C6 on the same footing as C2 even before applying
the T-duality, cf. appendix C. This formulation also involves a kinetic term for the
field strength F
{4,3}
7 after T-duality. In general, F7 is given by
F7 = dC6 +H3 ∧ (C4 − 1
2
C2 ∧B2) , (88)
where we made use of the general formula (see e.g. [79]13)
5∑
q=1
F2q−1 =
5∑
q=1
dC˜2q−2 +H3 ∧
5∑
q=2
C˜2q−4 , (89)
13Note that our NSNS B-field differs by a sign from the one used there.
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and took into account that our C4 differs from C˜4 used in [79] by C˜4 = C4− 12C2∧B2,
whereas all other Cp coincide, i.e. C˜p = Cp for p 6= 4. In (86) the difference between
C˜4 and C4 does not matter because (B2)µν and (C2)µν are projected out and their
backgrounds vanish in the vacuum. Now we notice that the two terms (86) and
(87) nicely combine into∫
d4x
√−g4ǫµνρσ(F7)µνρσijktr(AiAjAk) + · · · , (90)
where the dots stand for further terms, involving also C
{2,2}
4 , which is dualized in
favor of C
{0,4}
4 in the end. We do not want to go into further details here, but just
observe that upon dualizing F
{4,3}
7 in a similar vein as done in appendix C, the
term (86) disappears from the action and there is no additional contribution to the
tadpole condition for C
{4,0}
4 after eliminating the superfluous degrees of freedom.
This means that in the tadpole condition (10) the contribution of the fluxes to the
effective 3-brane charge is
Nflux =
1
2κ210µ3
∫
T6
F
{0,3}
3 ∧H{0,3}3 , (91)
exactly as in the case without the open string fields, because the CS correction from
the non-abelian D-brane action drops out. Here µ3 denotes the 3-brane string frame
tension which for general p-branes is given by14
µp =
1√
2
2π(4π2α′)−(p+1)/2 . (92)
Moreover, notice that in the self-dual action the kinetic term for C2 appears with
a factor 1/2 as compared to the usual type I action. Thus also e.g. the 3-form po-
tential after T-duality would first come with the same additional factor. It is only
after dualizing F
{4,3}
7 that the full 3-form potential, as given in (83), is obtained.
The fact that the tadpole condition is not changed as compared to the case
without open string fields is important for the form of the effective four-dimensional
potential. First note that this tadpole constraint descends from the equation of
motion of (C4)µνρσ in the ten-dimensional theory and does not arise as a dynamical
equation in four dimensions. Instead it needs to be imposed as a constraint that
determines the number of D3-branes. The dual theory constructed in the previous
section is only consistent in the presence of 3-form fluxes if the fluxes do not
contribute any 3-brane charges, i.e. one necessarily has Nflux = 0. This is because
T-dualizing pure type I naturally leads to a theory with 16 D3-branes15 that already
14Note that the tension includes a factor 1√
2
as compared to the corresponding formula of type
IIB, as is required in type I and its T-duals, see [85] for instance.
15There is a well-known ambiguity of how to count the individual branes. In a microscopic
description of the T-dual model, there are 64 O3-planes located at the fixed points of Θ, such
that local charge cancellation as in type I is only achieved in the effective action if all sources are
completely smeared out. The number 16 simply refers to the rank of the gauge group.
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fully cancel the charge (and tension) of the O3-planes. A non-vanishing Nflux would
then lead to a surplus of 3-brane charge. This will be discussed in more detail in
section 4.1, but let us go slightly ahead of things and already mention that in
general the potential receives a further extra contribution from the tension of the
O3-planes and D3-branes, when Nflux 6= 0. To accommodate this, the first term of
(83) can be rewritten using the splitting of Gˆ
{0,3}
3 under ⋆ into imaginary self-dual
and anti-self-dual components, i.e. ⋆GˆISD3 = iGˆ
ISD
3 , ⋆Gˆ
IASD
3 = −iGˆIASD3 .16 One then
verifies, similarly to [21], that the 3-form flux potential term combines with the
extra non-abelian correction to the brane tension into(
|Gˆ{0,3}3 |2−
4i
3
γe−Φtr(AiAjAk)Hijk
)
dvol = 2|GˆISD3 |2dvol+2e−ΦF {0,3}3 ∧H{0,3}3 (93)
with dvol =
√
Gd6x. Due to the unmodified tadpole condition we see that the sec-
ond term on the right-hand side of (93) is cancelled by the tension of the localized
objects.
Note that the absence of the CS correction to the tadpole condition is indispens-
able for producing a positive definite scalar potential as is required by matching the
results of gauged supergravity [38, 47].17 In particular, couplings that could drive
a dielectric Myers’ effect, which would lead to non-commutative brane solutions,
now appear as the cross terms in |GˆISD3 |2. At a global minimum of the potential,
when G3 is IASD, they therefore cancel out [27, 38].
Let us make a further comment here. The vector couplings in the kinetic terms
(82) are asymmetric in that Chern-Simons corrections do not occur in the kinetic
terms for C0, C
{1,1}
2 and B
{1,1}
2 . This is due to the fact that we did not include the
Chern-Simons term
− µ9
∫
dC2 ∧ ω7 (94)
as part of
µ9
∑
p
∫
Cp ∧ ch(F) (95)
for the D9-branes in our starting point type I action (2). Under T-duality such a
term would be mapped according to
(dC2)
{q,3−q}∧(ω7){4−q,q+3} 7→ − (−1)
q(q−1)/2
√
G
(dD2+2q)
{q,3+q}∧(⋆ω7){4−q,3−q} , (96)
16Let us remind the reader that we are using a different definition of the Hodge star than the
one used e.g. in [75, 21, 27].
17Moreover, this form of the potential is necessary to be consistent with the constraints that
derive from the equations of motion, as discussed in section 4.
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leading, among other things, to terms involving (dD8)
{3,6} and (dD6)
{2,5} together
with the appropriate components of ⋆ω7. Clearly this would modify the dualizing
process described above, leading to Chern-Simons corrections involving ⋆ω7 in the
kinetic terms for C0, C
{1,1}
2 and B
{1,1}
2 and to new Chern-Simons terms similar
in nature to (68) but lengthier. In that case the kinetic terms appearing in (82)
involve the field strengths
Fˆ
{1,4}
5 = (dD4 + γ ⋆ ω3)
{1,4} − B{1,1} ∧ (dD2 + γ ⋆ ω3){0,3} ,
Fˆ
{2,1}
3 = (dD2 − 2γ ⋆ ω7){2,1} − B{1,1} ∧ (dD0 + 2γ ⋆ ω7){1,0} ,
Fˆ
{1,0}
1 = (dD0 + 2γ ⋆ ω7)
{1,0} , (97)
instead of F
{2,1}
3 and F
{1,0}
1 . In this symmetrized version, the coupling of the trun-
cated type IIB action to the gauge fields, at least for the kinetic terms, can be
summarized by adding to the dDp the appropriate component of γ ⋆ ω3 or 2γ ⋆ ω7
depending on the bi-degree of the form. However, as (94) is a higher order correc-
tion in the open string fields and we restrict ourselves to the lowest order of the
DBI action, we preferred not to include the corrections due to ω7 in (81).
2.5 The action in the Einstein frame
Finally, in order to make contact to the supergravity literature, we have to trans-
form (81) into the Einstein frame. Transforming to the ten-dimensional Einstein-
frame by rescaling the metric with the string coupling, gIJ → eΦ/2gIJ , leads to
2κ210S =
∫
d10x
√−g
[
R− 1
2
∂µΦ∂
µΦ− 1
4
e−ΦGijHiµνH
µν
j
− 1
2
e2Φ∂µC0∂
µC0 − 1
4
eΦGij(Fiµν + C0Hiµν)(F
µν
j + C0H
µν
j )
− 1
4
G−1GikGjlDµβ
ijDµβkl − γGijD˜µAaiD˜µAaj
− 1
2
γe−Φ(F˜aµν +HiµνAai)(F˜aµν +Hµνj Aaj)
− 1
2
eΦ
(
|Gˆ{0,3}3 |2 −
4i
3
γe−Φtr(AiAjAk)Hijk
)
− 1
2
γeΦGijGklf
abcfadeAbiAckAdjAel
]
− 1
4
∫
d10x
√−g4ǫµνρσ
[
γ
√
G
(
C0F˜aµνF˜aρσ
− 2 (Fjµν − C0Hjµν) (AajF˜aρσ +
1
2
AajAaiHiρσ)
)
− βijFiµνHjρσ
− CiµBjνHkρσ
√
G(⋆dC2)
ijk − BiµCjνFkρσ
√
G(⋆dB2)
ijk
]
, (98)
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where we introduced the variables βij and used (76). This form of the action will
be relevant in the section 4 when we allow the bulk fields to vary over the whole
internal space, and the open-string fields over the world-volume of the D-branes,
looking for solutions to the ten-dimensional equations of motion.
Dimensional reduction of (98) and a Weyl rescaling gµν → G−1/2gµν to go to
the four-dimensional Einstein-frame produces the following effective action18
2κ24S =
∫
d4x
√−g4
[
R− 1
4
G˜ikG˜jl∂µG˜ij∂
µG˜kl − 1
2
∂µΦ∂
µΦ− 1
4
e−ΦG˜ijHiµνH
µν
j
− 1
2
e2Φ∂µC0∂
µC0 − 1
4
eΦG˜ij(Fiµν + C0Hiµν)(F
µν
j + C0H
µν
j )
− 1
4
G˜ikG˜jlDµβ
ijDµβkl − γ˜G˜ijD˜µAaiD˜µAaj
− 1
2
γ˜e−Φ(F˜aµν +HiµνAai)(F˜aµν +Hµνj Aaj)
−
√
G
−1
eΦ|GˆISD3 |2 −
1
2
γ˜eΦG˜ijG˜klf
abcfadeAbiAckAdjAel
]
− 1
4
∫
d4x
√−g4ǫµνρσ
[
γ˜
(
C0F˜aµνF˜aρσ
− 2 (Fjµν − C0Hjµν) (AajF˜aρσ +
1
2
AajAaiHiρσ)
)
− βijFiµνHjρσ
− CiµBjνHkρσ
√
G(⋆dC2)
ijk − BiµCjνFkρσ
√
G(⋆dB2)
ijk
]
. (99)
Here we have already taken into account the tension of the localized objects to get
the form of the potential (fifth line) and introduced the following notation
G˜ij =
1√
G
Gij , γ˜ = γ
√
G =
κ210
g210
. (100)
The action is now in the form that should allow for a direct comparison to the
gauged supergravity theory that captures the effective dynamics of type I strings
with background 3-form fluxes.
2.6 Comparison to gauged supergravity
In this section, we would like to make explicit the comparison of our results in (99)
to those found in the gauged supergravity approach, by explaining the translation
of notation, parameters and fields. We view this as strong independent confir-
mation that the effective theory, obtained by modifying the T-dual action in the
manner described above to capture the effects of 3-form fluxes in type I, is a sen-
sible approximation of the string dynamics in the supergravity regime. To what
18We take the background volume to be (2piα′1/2)6 and therefore have κ24 = κ
2
10(4pi
2α′)−3.
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extent it is approximate will be subject of section 4.
The expressions we are going to compare are the covariant derivative of the
axionic scalars, already discussed in (76), and the gauge kinetic and Chern-Simons
part (84) of the action (99). Finding basic agreement (up to two factors of 2 and
a sign, see below) with the supergravity results of [47], see also [34, 35, 38] for
partial results, we conclude that the effective models are identical. A third object
of great interest is, of course, the scalar potential, to which the entire section 3 will
be devoted. The expression given in equations (4.97), (4.98) and (5.132) of [47] for
the covariant derivative of the axion is19
DµB
ΛΣ = ∂µB
ΛΣ + fΛΣΓα A
α
µΓ − aa[Λ∇µaaΣ], (101)
where the fΛΣΓα , α = 1, 2, are the numerical parameters for the 3-form fluxes, A
α
µΓ
the abelian KK vector fields and the aaΛ are scalars charged under the non-abelian
gauge group. Finally, ∇µ denotes their gauge covariant derivative. In view of (76)
this suggests the following mapping of fields
BΛΣ ↔ βij , A1µΛ ↔ (B2)µi , A2µΛ ↔ (C2)µi , aaΛ ↔ − Aai , (102)
and flux parameters
fΛΣΓ1 ↔
1
2
√
G(⋆dC2)
ijk , fΛΣΓ2 ↔ −
1
2
√
G(⋆dB2)
ijk , (103)
where we have set γ˜ = 1 throughout. The signs are going to become clearer below.
The non-abelian vectors should map to the A˜aµ of (57). Using this map leads to
agreement between our result (76) and (101) (up to a factor of 2 for the last term).
From the gauge kinetic and CS part of (99) we can read off the θ-angles and
coupling constants of the different gauge fields, which are already present in the
ungauged theory and which we define as the coefficients in front of FµνF
µν or
ǫµνρσFµνFρσ, respectively. Fµν now stands for any kind of gauge field strength,
Faµν , Fiµν or Hiµν . We put them into a matrix labelled by (a, α, i) and read off
θab = − 1
2
C0δ
ab , θi1a = Aai , θi2a = − C0Aai , θi1j1 = 0 ,
θi2j2 = − 1
2
C0A
aiAaj , θi1j2 = θi2j1 =
1
4
βij +
1
4
AaiAaj (104)
and
(g−2)ab = − e−Φδab , (g−2)i1a = 0 , (g−2)i2a = − 2e−ΦAai ,
(g−2)i1j1 = − 1
2
eΦG˜ij , (g−2)i2j2 = − 1
2
(e−Φ + eΦC20 )G˜
ij − AaiAaje−Φ ,
(g−2)i1j2 = (g−2)i2j1 = −1
2
C0e
ΦG˜ij , (105)
19We are using gauge group indices a, b, ... instead of i, j, ... and A,B, ... instead of I, J, ... to
avoid confusing them with our space-time indices.
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leaving a factor 1/(4κ24) in front of the action. The corresponding supergravity
results can be found in (5.130) together with (3.90)20 of [47] in the form of a
matrix N of complex coupling constants. Using
F±µν =
1
2
(Fµν ± i
2
ǫρσµνF
ρσ) , (106)
and suppressing indices one has
− i(NF+µνF+µν − N¯F−µνF−µν) = Im(N )FµνF µν +
1
2
Re(N )FµνFρσǫµνρσ .
Thus the θ-angles and couplings are given by21
N ab ↔ 2θab + i(g−2)ab , N iαa ↔ θiαa + i
2
(g−2)iαa ,
N iαjβ ↔ 2θiαjβ + i(g−2)iαjβ . (107)
The expressions one finds for the entries of N are identical to those in (104) and
(105) upon identifying
C ↔ C0 , ϕ ↔ − Φ , gΛΣ ↔ 1
2
G˜ij , (108)
in addition to (102), up to the overall factor of 1/(4κ24), the sign in the last line
of (105) and a factor of 2 in the βij-dependent term in (104). To complete the
translation of fields, the Lα in the SU(1, 1)/U(1) coset are translated into our
SL(2,R)/U(1) scalars C0,Φ by
L1 ↔ − i√
2
eΦ/2 , L2 ↔ i√
2
eΦ/2
(
C0 + ie
−Φ
)
(109)
with L1 = L
2, L2 = −L1.
3 The potential
From the fifth line of (99) we can read off the effective four-dimensional potential
Veff = e
Φ
2κ24
√
G
|(G3 + γ ⋆ ω3)ISD|2 + γ˜e
Φ
4κ24
G˜ijG˜klf
abcfadeAbiAckAdjAel . (110)
Before discussing the implications of this potential let us compare it to the expres-
sion derived with the formalism of N = 4 gauged supergravity. In the conventions
of [47] the scalar potential was written22
VSUGRA = 1
2
|FABC− + CABC−|2 + 1
4
|L2fabcqbAqcB|2 , (111)
20Beware a misprint in an older version, where in the first line of (3.91) the last term should
contain a factor of i instead of i2 .
21Note the extra factor of 2 in the second line of (5.130) in [47].
22We absorb factors of p! into our definition of the norm (161).
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where F is the 3-form flux
FABC = LαfABCα = L
αfΛΣΓα E
A
ΛE
B
ΣE
C
Γ , (112)
the upper index F− referring to the ISD part, CABC is the CS correction
CABC = L2f
abcqaAqbBqcC = L2f
abcaaΛabΣacΓEAΛE
B
ΣE
C
Γ , (113)
and indices are pulled back with the vielbein EAΛ which is related to the metric
(100) via (108) and
gΛΣ = δABE
A
ΛE
B
Σ . (114)
The metric moduli together with the axions from BΛΣ and the aaΛ parametrize
the scalar manifold
SO(6, 6 +N)
SO(6)× SO(6 +N) . (115)
The identification of the two expressions is then accomplished by applying (102),
(103) and (108), where one has to take care that the extra signs from ⋆⋆ = −1
and (109) cancel out. We find agreement VSUGRA = Veff after setting κ24 = γ˜ = 1
in (110). Strictly speaking, this choice of parameters is allowed only within super-
gravity. String theory relates the two in a way that is not consistent with setting
them equal.
An important phenomenological feature of (110) is that it involves the dilaton
not just as a prefactor, so one can hope to stabilize the string coupling. Concen-
trating on Minkowski vacua we require
|(G3 + γ ⋆ ω3)ISD|2 = 0 , tr|F{0,2}|2 = 0 . (116)
As tr|F{0,2}|2 = 0 also implies vanishing of ω3, the relevant term for fixing Φ is
given by |GISD3 |2 = 0, [38]. The condition for G3 to be IASD can be written
⋆ F3 − e−ΦH3 = 0 . (117)
Rewriting this via (103) one finds a relation
fΛΣΓ1 − C0fΛΣΓ2 + e−Φ(⋆f2)ΛΣΓ = 0 , (118)
where ⋆f2 is defined with respect to the metric gΛΣ. Setting C0 = 0 for simplicity,
we see that
fΛΣΓ1 + e
−Φ 1
3!
√
det(gΛΣ) g
ΛΛ′gΣΣ
′
gΓΓ
′
ǫˆΛ′Σ′Γ′∆ΠΩf
∆ΠΩ
2 = 0 , (119)
where ǫˆ is just again the antisymmetric symbol with value ±1. It appears that in
general the dilaton becomes a function of the metric moduli that also depends on
the choice of fluxes. It was argued in [47] that the 3-form fluxes allowed by the
gauging, i.e. consistent with a supersymmetric Lagrangian, can be put into a form
such that, in complex coordinates, all components fmm¯nα and f
mm¯n¯
α vanish. We will
see in section 3.2 that this ensures a fixing of the dilaton at least in vacua in which
supersymmetry has been broken to N = 1 via a super-Higgs-mechanism.
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3.1 The role of the superpotential
In compactifications of type IIB theory on Calabi-Yau spaces with fluxes, the scalar
potential that descends from the kinetic term of G3, after breaking supersymmetry
to N = 1 either by orientifolding [21] or by taking a certain decompactification
limit as in [5, 13], can be expressed in terms of the superpotential
Wflux =
∫
M6
G3 ∧ Ω3 , (120)
proposed by independent arguments in [11, 12], with Ω3 the holomorphic 3-form.
In that case, the scalar potential only depends on the complex structure moduli of
the Calabi-Yau and the dilaton. As is well known, in the heterotic or type I string
the superpotential gets a further contribution involving the scalars descending from
the ten-dimensional vectors [82, 83, 84]
Whet/I =
∫
M6
ω3 ∧ Ω3 . (121)
As in the N = 1 case, also for N = 4 the potential descends from the ten-
dimensional kinetic terms and can thus be written in the form of |GˆISD3 |2 plus
tr|F{0,2}|2, up to constants. Therefore, one might wonder whether it is still possible
to express the potential in terms of a “superpotential”. In view of the effective
scalar potential (110) we have found in type I′ with extra 3-form flux, it seems
more appropriate to consider the “superpotential”
WI′ =
∫
M6
(G3 + γ ⋆ ω3) ∧ Ω3 . (122)
However, in the toroidal compactification the potential also depends on the Ka¨hler
form, which reflects the fact that the moduli space of a torus does not split into
a direct product of complex structure and Ka¨hler moduli as on a Calabi-Yau. On
a Calabi-Yau manifold, the ISD 3-forms are the (1, 2)- and (3, 0)-forms, see e.g.
[21]. Moreover, all (1, 2)-forms are primitive [86]. On the torus, on the other hand,
there are non-primitive (1, 2)-forms of the form J ∧ dz¯m where J is the Ka¨hler
form, and these are also IASD. Moreover, there are further ISD (2, 1)-forms of the
form J ∧ dzm [27] which all enter into the scalar potential (110). These facts make
it very cumbersome to express the potential in terms of the superpotential (122).23
23In order to follow the calculation in the Calabi-Yau case [5, 13, 21, 24], one would have to
know what should replace the formula DZαΩ3 = χα, that gives a basis for the (2, 1)-forms χα
in terms of covariant derivatives of Ω3 with respect to the complex structure moduli Z
α. For
the torus, one would need a corresponding formula giving a basis of only the primitive (2, 1)-
forms. However, the split of the (2, 1)-forms into primitive and non-primitive ones depends on
the moduli.
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Still, the superpotential (120) has been used in the literature to encode the
conditions for unbroken supersymmetry in a toroidal (or K3×T2) background with
3-form flux [27, 41].24 There it was shown that demanding supersymmetry is strong
enough to fix the period matrix of the torus completely, which implies fixing its
complex structure. The conditions for supersymmetry are stronger than demanding
extremality of the potential, but are equivalent to the extremality conditions of
the superpotential (120). As only ISD 3-form flux enters the potential, there are
possibilities to turn on fluxes without generating a vacuum energy. The IASD
3-forms consist in G3 being a (0, 3)-, or a primitive (2, 1)-form or of the type
J ∧ dz¯m. On the other hand, in order to preserve supersymmetry the flux has to
be a primitive (2, 1)-form [75, 87] for at least one complex structure. The number
of unbroken supersymmetries depends on the number of complex structures for
which this condition is fulfilled [27, 28]. Moreover, it is obvious from the formulas
of the gravitino masses given in [34] that turning on any non-trivial 3-form flux
breaks supersymmetry at least to N = 3. Since the coupling to the open string
fields is manifest in the supervariation of the gravitinos, dilatinos and gauginos
by replacing FABC with FABC + CABC as used in (111) [47], it is to be expected
that the supersymmetry conditions in the coupled system are also captured by the
modified superpotential (122) (in addition to the “D-term” appearing in the second
contribution to the potential (111)), although the scalar potential (110) cannot be
expressed through WI′ in an obvious way.
3.2 Truncating to N = 1
Regarding the discussion of the superpotential (122) in the previous section, it ap-
pears interesting to study the breaking of supersymmetry in the present model from
N = 4 to smaller numbers of supercharges, especially to N = 1, in which case the
potential should be expressible in terms of a superpotential (and a D-term). This
has been done to some extent in the framework of supergravity [88, 89, 34, 35, 38]
and in this section we would simply like to make contact to [35].
By turning on more and more components of the 3-form flux one can succes-
sively break supersymmetry fromN = 4 toN = 1, as has been described in [34, 35].
In the super-Higgs effect, the decoupling of massive modes is restricted by the re-
quirement that they must fill massive representations of the surviving supersymme-
try algebra. If one breaks supersymmetry from N = 4→ 3→ 2→ 1 successively,
6, 10 or all 12 (Kaluza-Klein) vector fields get massive via their Stu¨ckelberg cou-
plings (74). This is prescisely as required by a successive decoupling of massive 3/2
multiplets under N = 3, 2, 1 supersymmetry, which eat just the 6, 4 and 2 vectors,
respectively, those that disappear from the massless sector. In this successive su-
24The case of K3×T2 has also been analyzed from the point of view of gauged supergravity in
[44].
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persymmetry breaking the matter content of (9), a spin-2 and six spin-1 multiplets
of N = 4, leads to a spin-2 and three chiral multiplets of N = 1 [35]. Therefore, 3
gravitini, all 12 vectors, 18 out of 21 scalars G˜ij , 12 out of 15 axions β
ij and τ get
masses with suitable degeneracies to fill massive N = 1 multiplets. The remaining
three complex scalars are given by the diagonal components G˜11¯, G˜22¯, G˜33¯ of the
now hermitian metric and the appropriate components of βij . Together with the
open string moduli they parametrize the remnant scalar manifold
SU(1, 1)
U(1)
× SO(6, 6 +N)
SO(6)× SO(6 +N) →
(
SU(1, 1 +N)
U(1)
)3
. (123)
In this particular situation one can convince oneself that the condition (117) is re-
ally sufficient to fix the dilaton. The square root of the determinant of the metric
is the product G˜11¯G˜22¯G˜33¯ of the real parts of the only remaining three moduli,
which drop out from (119) if the fluxes are restricted as explained below (119).
Thus (117) becomes independent of the metric and Φ is fixed to some rational
value once the fluxes F3 and H3 are subjected to Dirac quantization. A natural
value for the string coupling would appear to be of order one, but moderately small
numbers are also easily accessible. In [38] it was suspected that in the process of
integrating out the dilaton, the first term of the potential (110) vanishes, such that
the potential of the effective N = 1 theory used in [35] is solely given by the sec-
ond term with a constant value for the dilaton. We were not able to perform this
integrating out explicitly, but assume in the following that the N = 1 potential is
only given by the second term of (110).
It is well known in the literature how to obtain the N = 1 potential from a
dimensional reduction of the kinetic term for the vector fields [82, 83]. From (110)
(and setting 2πα′1/2 = 1) we extract
4g210VN=1 = eΦG˜ikG˜jlFaijFakl = eΦG˜ikG˜jlfabcfadeAbiAcjAdkAel , (124)
and it is understood that the dilaton and all metric moduli except the diagonal
ones are frozen in the N = 1 vacuum. The potential (124) can be split into an
F-term and a D-term by identifying the metric components with the (real parts of
the) Ka¨hler coordinates tm in the following way
tm + t¯m¯ − CamC¯am¯ = (G˜mm¯)−1 . (125)
Here we have introduced the complex fields
Cam =
1√
2
(Aa(2m−1) + iAa(2m)) . (126)
Using the Bianchi identity (which implies Fa ∧ Fa = 0), one can rearrange terms
to arrive at
G˜ikG˜jlFaijFakl = 2G˜mn¯G˜op¯ (FamoFan¯p¯ + Famn¯Faop¯) . (127)
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The (2, 0) part can be written25
G˜mn¯G˜op¯FamoFan¯p¯ = eK
3∑
m=1
(
tm + t¯m¯ − CamC¯am¯
) ∂W
∂Cbm
∂W¯
∂C¯bm¯
, (128)
with superpotential
W =
1
3!
fabcCamCbnCcoǫˆmno , (129)
where the hat on the epsilon symbol was explained below (19), and Ka¨hler potential
K = −
3∑
m=1
log
(
tm + t¯m¯ − CamC¯am¯
)
. (130)
That the potential-term (128) is of the usual form eK(Kαα¯DαWD¯α¯W¯ − 3|W |2),
where α denotes all chiral fields, tm and Cm, and Kαα¯ the inverse of the Ka¨hler
metric, was shown in [35]. The fact that the −3|W |2 drops out in (128) is due to
the no-scale structure of the potential. The choice of complex coordinates implies
a diagonal period matrix, and the holomorphic 3-form can be written Ω3 = dz
1 ∧
dz2 ∧ dz3, so that (129) can be expressed as in (121).26 In a similar way one can
identify the (1, 1) component of (127) with an N = 1 D-term
G˜mn¯G˜op¯Famn¯Faop¯ =
(
3∑
m=1
1
tm + t¯m¯ − CemC¯em¯f
bcdCcmC¯dm¯
)2
. (131)
Interestingly, adding a world-volume gauge flux by hand, i.e. adding a constant
famn¯ to Famn¯ = fabcCbmC¯cm¯, would lead to a Fayet-Iliopolous term in (131).
4 Vacua with fluxes and warped metric
In the previous sections we have employed T-duality to transform the effective
action obtained by compactifying type I strings on a torus and neglecting all de-
pendence of the fields on internal directions. The additional terms in the effective
action with NSNS 3-form flux on the internal space were added in via comparison
with type IIB. However, constant fields will in general no longer solve the ten-
dimensional equations of motion once fluxes are turned on. In this section we shall
look for solutions to these equations, based on the action (98), with more gen-
eral background configurations and non-trivial profiles admitting four-dimensional
25Note the misprint in formula (12) of [35].
26Note that one could have defined the variables Cam of (126) alternatively as Cam =
1√
2
(Aa(2m−1) − iAa(2m)). In that case, the superpotential (129) would have been of the form
(122), with vanishing G3.
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Minkowski vacua. As explained in the introduction, in order to derive the equa-
tions of motion we allow for a depence of the bulk fields on the internal coordinates
and further modify the action (98) by introducing a background for the 5-form field
strength commensurate with the T-dual world sheet parity projection (1) of type
IIB. Moreover, we take into account that the D3-branes and O3-planes T-dual to
the D9-branes and O9-planes are actually localized objects. We consider the modi-
fied equations of motion as describing the coupling of the bulk fields to the tension
of the branes (respectively O-planes) and their world-volume fields. We find that
the gauge fields only cause minor corrections to the known solutions for a back-
ground with vanishing world-volume fields [75, 21]. For these solutions it has been
argued that constant internal fields may still be considered approximate solutions
in the large volume limit where the warp factor may be taken to be approximately
constant, thus a posteriori justifying the effective action (99) — at least in this
limit.
4.1 Generalized ansatz and modified action
Our starting point is the ten-dimensional action (98) in which we now allow the
bulk fields to depend on the internal coordinates. Furthermore, we have to imple-
ment some modifications, that we discuss in the following.
As was already explained, since the modified world sheet projection ΩΘ(−1)FL
does not project out fields locally, but only demands symmetry or antisymmetry
of the background, we may also allow non-trivial backgrounds for non-dynamical
fields, as long as they respect Poincare´ invariance. This refers to the 3-form fluxes
G
{0,3}
3 , which are not field strengths of any dynamical potentials but do survive the
projection, and also to the components F
{0,5}
5 and F
{4,1}
5 of the 5-form. The latter
is also subject to the self-duality constraint, such that both 5-form components
can be parametrized through a single function,27
(F5)µ1 ... µ4i =
1√
g4
ǫµ1 ... µ4∂iα , (F5)i1 ... i5 =
1√
g4
ǫi1 ... i5j(∂kα)g
jk , (132)
where α = α(xi) is antisymmetric under Θ, since Ω(−1)FL leaves C{4,0}4 invariant.
In the equations of motion, this background enters in the same way as in type IIB.
For the metric we use the general warped product ansatz
ds210 = gIJdx
IdxJ = ∆(xk)−1gˆµνdx
µdxν +∆(xk)bgˆijdx
idxj . (133)
The factor in front of the internal part is purely conventional, but if one intends to
identify gˆij with a Ricci-flat or even constant metric eventually, it can be helpful to
27Note that due to our different definition of the Hodge star the internal components have the
opposite sign as in [75].
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make the warping explicit. In general, one may also want to consider a non-trivial
internal profile for the axion F
{0,1}
1 , as was done in [90] to analyze the effects of
7-branes, but we shall not do so here. Furthermore, in looking for a solution to the
coupled system of equations we restrict our ansatz to the case of vanishing field
strengths F
{2,1}
3 and F
{1,0}
1 .
Second, the open string fields should be allowed to vary only over the world-
volume of the D-branes present in the background. As long as all fields were
constant on the internal space, there was no distinction between fields localized
on some brane and fields propagating throughout the bulk. T-duality of type I
string theory produced (56), where the kinetic terms for the gauge fields only in-
volve the determinant of the four-dimensional metric, as for gauge fields localized
on a D3-brane, but there is no delta-function to localize the fields. Thus, (56)
refers to “smeared out” D3-branes. In the same way, there was no localization
of CS interactions involving open string fields. Further, once we have introduced
localization, the tensions of D-branes and O-planes do not cancel locally anymore,
and we need to make the tension terms explicit. O3-planes and D3-branes appear
naturally in the toroidal model, since they are just the images of the O9-planes
and D9-branes of type I under T-duality. In fact, one could also try to introduce
higher-dimensional branes, say D7-branes, and have non-trivial gauge fluxes on
their world-volume, which induces effective D3-brane charges. We refrain from
doing so here, and come back to this option later. One of the main reasons is that
adding world-volume gauge fluxes would require us to take higher terms in the DBI
effective action into account, which would restrict us to abelian gauge fields, since
the non-abelian DBI action is not known to higher order.
From expanding the DBI action to second order in the gauge field strength one
infers the relative factor between the tension term and the terms of the world-
volume action already present in (98) to be 1
2
(2πα′)2. Setting 2πα′ = 1 we thus
use for the D3-brane action28
SD3 = −µ3
∫
d10x
√−g4
( ∑
branes
(
sm − i
3
tr(AiAjAk)Hijk
)
δ6(xm − x¯m)
+
1
2
∑
branes
smδ
6(xm − x¯m)
(
gijg
µνD˜µA
aiD˜νA
aj
+
1
2
e−Φgµνgρσ(F˜aµρ +HiµρAai)(F˜aνσ +HjνσAaj)
+
1
2
eΦgijgklf
abcfadeAbiAckAdjAel
))
. (134)
The additional term from the non-abelian correction to the DBI action has also
28Note that this is consistent with (99) as 12 (2piα
′)2µ3 = γ˜(2κ24)
−1, where κ4 is given in footnote
18 and we used (92) and g210 =
√
2(2pi)7α′3, cf. [91].
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been included above. Just to keep track of the overall sign we have introduced
coefficients sm = ±1 for the tension of the branes. In order to avoid kinetic terms
with the wrong sign for the world volume fields, one would choose sm = 1. In the
background, the only non-vanishing terms are the tension in the first line and the
scalar potential tr|F{0,2}|2 in the last. The sum over branes now also implies that
the gauge fields are labelled individually for any single stack of branes, but we do
not want to encumber the notation with another index. Since we have made the
D-brane tension explicit we also have to add the O3-plane tension
SO3 = −µ3Q3
∫
d10x
√−g4
64∑
k=1
δ6(xk − x¯k) (135)
for the 64 planes localized at the fixed points x¯k of Θ and Q3 = −1/4. Here we
assume that the O3-planes have standard negative tension and negative charge.
The total action for the open string sector including the O3-planes is then given
by
Sop = SD3 + SO3 . (136)
In the same fashion, the CS interactions with open string fields have to be localized.
For instance, when we write |Fˆ3|2, we now understand
|Fˆ3|2dvol = |dD2|2dvol+
∑
branes
qm(2π)
6δ6(xm−x¯m)
(
2γ(⋆ω3)∧∗dD2+γ2|⋆ω3|2dvol
)
,
(137)
with dvol = d10x
√−g. The qm = ±1 are parameters for the RR charge of the
D3-branes and distinguish branes from anti-branes and enter in all the topological
terms. Since the CS forms ⋆ω3 will mostly only appear inside Fˆp in the following,
we will not make this kind of localization explicit, to keep the notation compact.
4.2 Equations of motion and constraints
The most interesting equations of motion to consider are the two sets of Einstein
equations for internal and external indices, the equation for the dilaton, and the
charge conservation constraint coming from the equation of motion for C4. Ein-
stein’s equations with the general warped ansatz (133) are abbreviated, using the
notation of (170) (see the appendices A.2 and A.3),
Rµν = Rˆµν +
1
2
gˆµν∆
1−3bgˆij∇ˆi
(
∆2(b−1)∂j ln(∆)
)
= κ210Sµν ,
Rij = κ
2
10Sij . (138)
The explicit dependence of Rij on the warp factor is given in the appendix in (168).
Furthermore, as in the appendix, ∇ˆi is the covariant derivative of gˆij.
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The first set of equations allows us to determine the warp factor, which then
has to be checked with the second set. We specialize to maximally symmetric four-
dimensional space-times, i.e. gˆµνRˆµν = m
2
4 where m
2
4 is zero, positive or negative
for Minkowski, de Sitter or anti-de Sitter space respectively. Then, upon taking
the trace, one arrives at
gˆij∇ˆi
(
∆2(b−1)∂j ln(∆)
)
= −∆
−2
4
|Gˆ{0,3}3 |2gˆeΦ −
1
2
∆3b−1m24 (139)
− ∆
2+2b
2gˆ4
(∂iα)(∂jα)gˆ
ij − ∆
−2κ210µ3Q3√
gˆ6
64∑
k=1
δ6(xk − x¯k)
− ∆
−2κ210µ3√
gˆ6
(∑
branes
(
sm − i
3
tr(AiAjAk)Hijk
)
δ6(xm − x¯m)
+ eΦ∆−2b
∑
branes
tr |F{0,2}|2gˆ smδ6(xm − x¯m)
)
,
where gˆ4 denotes the absolute value of the determinant of gˆµν and the subscript on
|Gˆ{0,3}3 |2gˆ implies that the contractions are to be performed with gˆij. Furthermore,
tr|F{0,2}|2gˆ = 12 gˆij gˆklfabcfadeAbiAckAdjAel is given by ∆4 12 gˆij gˆklfabcfadeAbiAckAdjAel,
when expressed through the metric independent fields Aai. The integral of the
right-hand side over the internal space is now forced to vanish. The D-brane ten-
sion and the contributions of the YM sector add up with the 3-form flux, while
the O3-plane tensions serve as positive contributions on the right-hand side, which
may be employed to balance the negative contributions from the fluxes.29 The
cosmological constant and the correction term of the form tr(AiAjAk)Hijk can add
to either the positive or negative contributions.
Upon specializing to b = 1 the second set of equations becomes tractable.
Combining the two sets of Einstein equations one can eliminate the term with the
Laplacian acting on the warp factor and obtains
∆2
4
Rˆµν gˆ
µν +
1
6
Rˆij gˆ
ij =
1
3
gˆij(∂i ln∆)(∂j ln∆)− ∆
4
12gˆ4
gˆij(∂iα)(∂jα)
− κ
2
10
12
(Tij − T 5−fluxij ) gˆij . (140)
An obvious solution with Rˆµν = Rˆij = 0 consists in α = ±∆−2 and (Tij −
T 5−fluxij )gij = 0. This can be satisfied by tr|F|2 = 0. There is, however, no
constraint on Gˆ3 from (140) since T 3−fluxij gij = 0, cf. (172).
29The sign conventions are such that negative contributions on the right-hand side of (139) are
related to positive energy density.
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On the other hand, combining (139) with the equation of motion for the external
components of C4 leads to a further constraint. The latter has been discussed in
some detail in section 2.4, where it was pointed out that no corrections due to the
non-abelian CS action occur. It reads
(dF5)
{0,6} = F
{0,3}
3 ∧H{0,3}3 + 2κ210µ3
∑
branes
qmπm + 2κ
2
10µ3Q3
64∑
k=1
πk , (141)
and explicitly we have
1√
gˆ4
(
gˆij∇ˆi∂jα + 4
∆
gˆij(∂i∆)(∂jα)
)
= − 1
(3!)2∆
FijkHlmnǫ
ijklmn (142)
− 2κ
2
10µ3√
gˆ6∆4
(∑
branes
qmδ
6(xm − x¯m) +Q3
64∑
k=1
δ6(xk − x¯k)
)
.
The πm and πk stand for the delta-function-like 6-forms with support at the location
of the 3-branes and 3-planes. Using the splitting (93) of Gˆ3 in (139) and by adding
∆2 times (139) and −1
2
∆4 times (142), one can derive the powerful constraint
−∆
4
2
gˆij∇ˆi∂j
(
α√
gˆ4
+∆−2
)
= −∆
6
2
gˆij∂i
(
α√
gˆ4
+∆−2
)
∂j
(
α√
gˆ4
+∆−2
)
− 1
2
eΦ|GˆISD3 |2gˆ −
κ210µ3∆
−2
√
gˆ6
eΦ
∑
branes
tr |F{0,2}|2gˆ smδ6(xm − x¯m)
− κ
2
10µ3√
gˆ6
∑
branes
(sm − qm) δ6(xm − x¯m)− 1
2
∆4m24 . (143)
This generalizes the result of [21] by including the world-volume fields of the D3-
branes and allowing for m24 6= 0. Integrating the total derivative, a number of
restrictions follow. The four-dimensional cosmological constant has to satisfy m24 ≤
0, excluding de Sitter space within the chosen ansatz. In addition, sm = qm = 1
follows, so there are no anti-branes. For vanishing cosmological constant, i.e. gˆµν =
ηµν , all terms on the right-hand side are negative semi-definite and therefore have
to vanish individually. Thus,
α = −∆−2 , |GˆISD3 |2 = tr |F{0,2}|2 = 0 . (144)
These conditions are equivalent to asking for a global minimum of the effective
potential (110) obtained by neglecting the warp factor
Veff = 0 ⇐⇒
(
GˆISD3 = 0 and tr|F|2 = 0
)
. (145)
Since this potential is non-negative, global minima are precisely the Minkowski
vacua. These conclusions are clearly not valid for four-dimensional anti-de Sitter
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space, which seems to demand a choice for α such that α/
√
gˆ4 is independent of
the external coordinates.
Using the formulas from appendix A.2 and A.3 it is possible to show that the
conditions (144) ensure that the full set of Einstein equations are satisfied if
gˆij∇ˆi∂j∆2 = −1
2
eΦ|Gˆ3|2gˆ (146)
− 2κ
2
10µ3√
gˆ6
(∑
branes
(
sm − i
3
tr(AiAjAk)Hijk
)
δ6(xm − x¯m) +Q3
64∑
k=1
δ6(xk − x¯k)
)
.
To show this one has to use the fact that T 3−fluxij = 0 for purely IASD (or ISD) Gˆ3,
as was noticed in [75]. Imposing (144), the equation determining the warp factor
(146) is actually equivalent to (142).
The other equations of motions are not too difficult to find. The equation for
Φ is
∆3√−g∂I
(
gIJ
√−g∂JΦ
)
=
1
2
(
eΦ|Fˆ (0,3)3 |2gˆ − e−Φ|H(0,3)3 |2gˆ
)
(147)
+
κ210µ3√
gˆ6∆2
eΦ
∑
branes
tr |F{0,2}|2gˆ smδ6(xm − x¯m) .
This equation imposes a vanishing of the dilaton tadpole. By four-dimensional
Poincare´ invariance the right-hand side of the equation has to integrate to zero.
An IASD 3-form fulfills |Fˆ3|2 = e−2Φ|H3|2 and therefore the YM potential must
vanish, tr|F|2 = 0. Thus, the solutions of the constraint coming from the Einstein
equations are compatible with the vanishing of the dilaton tadpole.
To summarize the logic: Asking for a Minkowski vacuum leads to (139) with
m24 = 0, combining with (141) implies (144) and is compatible with Rˆij = 0 at
constant dilaton. We are then dealing with a warped product of a Calabi-Yau or
torus and Minkowski space, where the warp factor is determined via (146), which
is equivalent to (142). The situation described above is a variant of the known
no-go theorems of [51, 52, 53, 54]. Several escape routes are at least in principle
known: In an anti-de Sitter vacuum, a positive term would appear on the right-
hand side of (139) that could balance the vacuum energy of the potential terms.
If higher curvature corrections to the action were considered the semi-definitness
could also be spoiled and de Sitter solutions may exist as well. Perturbative [32] or
non-perturbative [43] corrections to the effective potential also appear to modify
the conclusions drawn above. Finally, one may also want to allow an explicitly
time-dependent background [92].
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4.3 Large volume scaling limit: separation of mass scales
The solution given by the conditions (144) is too simple to fix all the metric moduli;
e.g. it always leaves the overall volume of the internal space as a free parameter. We
will later come back to the possibility to fix also this by adding world-volume gauge
fluxes on higher-dimensional branes. For the moment, one can observe that, like
in [21], the relations that determine the solution are all invariant under constant
rescaling of the metric. This is in accord with the form of the effective potential
despite the fact that both terms in (110) scale differently under gij → tgij. The
reason is that for a Minkowski vacuum both terms have to vanish separately. This
agrees with the results of [34, 47] where the no-scale structure of the gauged four-
dimensional N = 4 supergravity theory, that is the effective description of the
present scenario, was demonstrated explicitly.
While the scale-independence of (144) is unfortunate in that it does not lead to
a fixing of the volume modulus, it has been argued to allow for a limit of paramet-
rically large volume where the warping becomes insignificant [21, 28]. In this limit,
one can perform a standard dimensional reduction of the action to four dimensions.
Then (110) really takes the role of an effective potential of a theory obtained by
expanding around a given solution to the equations of motion. This is justified by
inspection of (142) (or alternatively of (139)): The metric factors on the left-hand
side of (142) scale like t−1, on the right-hand side like t−3. As Fijk and Hijk are
just constants, the warp factor itself has to go as 1+ t−2 at large t. This argument
is, of course, only valid away from the positions of the branes and planes. Ignoring
the contributions from these regions one can then set ∆ to a constant in the large
t limit and derive the effective potential (110) by dimensional reduction. In this
situation, it appears challenging to find ways to stabilize the volume modulus in
the effective theory that is only valid at very large volume. Given a correction to
(110) that fixes the volume, one would need to make sure that this is done at large
enough values that the effects of the warping are still negligible. In principle, it
would of course be much nicer if one could do a reduction without using the scaling
argument by explicitly including the warp factor, similar to [36].
The scaling argument can also be used for branes of higher dimensions. In
order to neglect the warp factor at large t the contributions of all relevant types of
matter on the right-hand side of the Einstein equations have to fall off faster than
t−1. The tension of an arbitrary Dp-brane (in Einstein-frame) leads to
SDpµν =
p− 7
8
µpe
(p−3)Φ/4
√
g⊥
gµνδ
9−p(xm − x¯m) . (148)
Here g⊥ indicates the determinant of the metric restricted to the normal bundle of
the brane. If the metric is constant this is the transverse volume. Sµν then scales
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like t(p−9)/2 and p < 7 is required for the scaling argument to work.
The validity of the approach in addition requires a separation of the flux-induced
masses and the masses of KK modes that have been neglected throughout. It has
been argued in [9, 27] that the ratio of masses induced by the 3-form flux and the
KK masses scales like
(m3−flux : mKK) = (R
−3 : R−1) , (149)
where R denotes the dimensionless (average) radius of the background torus. Thus
also from here we see that we need a large volume, this time to ensure a decoupling
of the KK states. The same reasoning is still true in the case at hand since the
additional second term in the potential (110) does not introduce any new mass
terms for the geometric moduli. This is due to the fact that F{0,2} vanishes in the
background, independently of the geometric moduli. Thus the masses only depend
on the 3-form flux, as is also apparent from the mass formulas in [47]. This would
be different if one considered higher-dimensional branes with internal world-volume
fluxes, to which we come back in the next section. In that case one would expect
an additional mass scale from the world-volume fluxes, similar to the situation in
the heterotic string discussed in [9] and an intermediate scale appears, below the
KK but still above the 3-form flux scale:
(m3−flux : m2−flux : mKK) = (R
−3 : R−2 : R−1) . (150)
5 Generalization of the open string sector
In this final section we want to go beyond the well-defined framework of the model
obtained from type I by T-duality, and allow higher-dimensional D-branes of even
dimension and with internal world-volume gauge fluxes. This means we use
Faij = faij + fabcAbiAcj , (151)
instead of (51). The constant flux parameters fij = f
a
ijT
a take values in the Cartan
subalgebra of the gauge group. They characterize a non-trivial gauge bundle on the
world-volume. It is well known that the open string boundary conditions with con-
stant fluxes change from Dirichlet to mixed Dirichlet-Neumann conditions. This
implies that performing two T-dualities on a Dp-brane wrapping a two-dimensional
torus with flux f12 6= 0 turns it into another Dp-brane of identical dimension, but
with the flux inverted. Therefore, introducing such gauge fluxes into the original
type I string theory, assuming a factorization of the background into T6 = (T2)3
for simplicity, could have taken us to a T-dual theory with D3, D5, D7 or D9-
branes (depending on the number of internal directions with world-volume flux)
wrapping 0, 2, 4 or all directions of the T6 after the duality, and with non-trivial
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gauge fluxes on their world-volume. At the same time, the O9-planes would still
map to O3-planes. The D5, D7 and D9-brane charges then have to cancel among
the branes, so that some of them need to carry negative charge as well and behave
as anti-branes. This leads to the conclusion that there are no supersymmetric
vacua with non-trivial world-volume flux in a flat background on a torus, which
is in accord with the known fact that the toroidal type I compactification with
world-volume gauge fluxes on D9-branes, that has been of some phenomenological
interest recently, does not have a supersymmetric ground state [93]. To achieve a
better behaved model one may consider orbifold compactifications which also have
O7-planes in addition to the O3-planes. In this case supersymmetric configurations
of D9-branes with world-volume fluxes do exist [94, 95, 96, 97].30 Here we content
ourselves with studying a few general properties of D9-brane flux vacua to obtain a
rough impression of the effects of warping and perspectives for moduli stabilization.
In the presence of internal gauge fluxes, we have to use the DBI effective action
including terms with higher powers of F , since in the presence of world-volume
fluxes the higher powers in F contribute to leading order in a derivative expansion
of the effective action. Furthermore, some of the CS corrections in ω7 are no
longer higher order and need to be incorporated into the action as in (97). On
the other hand, the full DBI effective action can only reliably be used for an
abelian gauge group. Therefore we now pass to a U(1)N gauge group by turning
on Higgs fields. In this way we lose the possibility to produce chiral matter in
various representations, which is one of the main motivations to be interested in
this variant of the model [98, 99, 100]. However, as said above, here we are mainly
interested in the prospects for moduli stabilization. To simplify the notation we
also restrict ourselves to D9-branes, using
SDBI = −µ9
∫
R4×M6
d10x
√−g4e3Φ/2
√
det(gij + Fije−Φ/2)
= −
∫
R4
d4x
√−g4 VDBI (152)
as effective world-volume action. Considering D5- or D7-branes should pose no
further difficulties and would lead to similar conclusions.
5.1 Supersymmetry and κ-symmetry
In this section we discuss the conditions for preserving world-volume supersym-
metry on D9-branes in the simultaneous presence of 3-form fluxes and O3-planes
in the background. In their absence they are given by the calibration conditions
30This type of models, combined with 3-form fluxes, has been considered recently in [45, 46].
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found in [101].
The background bulk fields are not only required to satisfy the conditions (144)
in order to solve the equations of motion, but we also impose GIASD3 to be of type
(2, 1) and primitive [75, 87] to preserve supersymmetry. One then finds that in
this background there is a Killing spinor that can be expressed as a covariantly
constant spinor rescaled by a scalar function only [75],
ǫ = ∆−1/4η . (153)
The background is 1/2 BPS, since η also satisfies a chirality projection. In general,
world-volume supersymmetry of D-branes in non-trivial backgrounds is preserved if
the supervariations can be absorbed by κ-symmetry variations. This is translated
into the projection
Γǫ = ǫ , (154)
where Γ = Γ(P[g],F) is the κ-projector, an operator depending on the pull-back
of the (warped) metric and the gauge field strength F , and ǫ is a Killing spinor of
the background bulk theory. Explicitly, the κ-symmetry projector is defined by
Γ = e−a/2 (Γ0...p ⊗ iσ2) ea/2 (155)
with
a =
1
2
YijE
i
AE
j
BΓ
AB ⊗ σ3 = 1
2
∆YijEˆ
i
AEˆ
j
BΓ
AB ⊗ σ3 ,
Yij = “arctan”(Fij) , gˆij = δABEˆAi EˆBj , (156)
where “arctan” is explained in [102], to which we refer the reader for further infor-
mation on the notation and techniques. The details do not play a prominent role in
our discussion here. The important point for us is the existence of a Killing spinor
of the type (153) in a background of supersymmetric 3-form fluxes and O3-planes,
a rescaled (covariantly) constant Killing spinor. Neglecting the backreaction of
the D9-branes themselves, one can use this Killing spinor to derive analogous cal-
ibration conditions as found in [101] by just modifying the background metric via
inclusion of the warp factor. A simple example with a flat background gˆij = δij
has been studied in [103].
5.2 Calibrated branes
We are now ready to apply the results of [101] to find the supersymmetry conditions
for D9-branes with world-volume gauge fluxes in a given background of O3-planes
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and 3-form fluxes. It is then required that the purely holomorphic components of
F vanish and that
eiθ
√
det(gij + Fij) dx1 ∧ ... ∧ dx6 = 1
3!
(J + iF)3 , (157)
cos(θ)
(
1
2!
J ∧ J ∧ F − 1
3!
F ∧ F ∧ F
)
= sin(θ)
(
1
3!
J ∧ J ∧ J − 1
2!
F ∧ F ∧ J
)
hold for some phase θ on all the D9-branes. J = ∆Jˆ now stands for a rescaling of
the Ka¨hler form Jˆ of the Calabi-Yau. For non-trivial ∆ this J is not closed. The
background O3-planes (and any possible O7-planes) are calibrated with an angle
θ = 3π/2. If one neglects the warp factor, i.e. uses ∆ = 1, an overall world-volume
supersymmetry can be preserved by adopting the same angle for all the D9-branes
as well. It is important to note that fixing θ, induces an implicit dependence of the
Ka¨hler moduli on F . The scalar potential for the Ka¨hler moduli in the Einstein
frame reads
VDBI ∼
∫
M6
√
det(gij + Fije−Φ/2) =
∫
M6
Re
(e−iθ
3!
(J + iFe−Φ/2)3
)
. (158)
One further needs to impose the charge conservation constraint, which now includes
the open string CS interactions µ9C4 ∧ ch(F), such that (141) is modified to
dF5 = F3 ∧H3 + 2κ210µ3Q3
64∑
k=1
πk + 2κ
2
10
µ9
3!
∑
branes
F ∧ F ∧ F ,
which leads to the condition
1
3(4π2α′)3
∑
branes
∫
M6
F ∧ F ∧ F = 32−Nflux . (159)
Similarly, the couplings of RR 8-form potentials in the open string CS action
leads to a tadpole constraint involving F , which states that the sums of the effective
RR 7-brane charge has to be zero. As already said above, in order to fulfill (157)
for all branes with the same angle θ one would have to depart from the flat torus
example or to include O7-planes via an orbifold construction as in [45, 46]. Then
(157) together with GISD3 = 0 ensures the vanishing of the total potential energy
and (157) degenerates into
J ∧ J ∧ J = 3J ∧ F ∧ F (160)
for any individual stack of branes. This constraint ensures the balancing of the
9-brane and 5-brane tensions, while 3- and 7-brane charges and tensions are un-
constrained and only cancel upon adding the O-planes. It fixes the overall radius
in an obvious manner. The natural scale for its value is however of the order of
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√
α′, with a constant of proportionality given by a combination of flux numbers.
As one should maintain the splitting of scales (150) it would be required to have
hierarchically large flux quantum numbers, which by (159) would demand some
“integer fine tuning” to cancel the tadpoles. Furthermore, once the volume mod-
ulus gets fixed at a finite value, the warp factor is not trivial anymore. Writing
J = ∆Jˆ for closed Jˆ one sees that (160) can not be fulfilled anymore. It would
actually be equivalent to Jˆ3 = ∆−2Jˆ ∧ F2, where the left-hand side is closed and
the right-hand side not.
This probably does not mean that the volume modulus cannot be stabilized in
this way, since the qualitative stabilization mechanism due to the balancing of the
9-brane and 5-brane tensions should still take place. On the other hand, it seems
that the non-trivial warp factor leads to a breaking of supersymmetry, once the
volume is fixed. A similar result has been found in [103]. However, for a com-
plete analysis one would also have to take into account the backreaction of the
background towards the presence of the D9-branes and possible O7-planes. This
would probably lead to a significant modification of the calibration condition (157)
but one should expect the above results on the stabilization of the volume to be
qualitatively true also in the full story [45, 46].
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A Technicalities
A.1 Conventions and notation
Tangent-frame indices are generally denoted I, J, ... = 0, ... , 9, which decompose
into i, j, ... = 4, ... , 9 and µ, ν, ... = 0, ... , 3. Once we complexify coordinates, we
use m,n, .... We use the following standard conventions for differential forms: For
Ωp ∈
∧p T ∗M10, M10 = R4 × T6, write
Ωp =
1
p!
ΩI1 ... Ipdx
I1 ∧ · · · ∧ dxIp ,
|Ωp|2 = 1
p!
ΩI1 ... IpΩ¯
I1 ... Ip , (161)
where complex forms obviously refer to the complexified cotangent bundle, for
Ω
{n,p−n}
p ∈ ∧n T ∗R4 ×∧p−n T ∗T6 analogously
Ω{n,p−n}p =
1
n!(p− n)!Ωµ1 ... µni1 ... ip−ndx
µ1 ∧ · · · ∧ dxµn ∧ dxi1 ∧ · · · ∧ dxip−n ,
|Ω{n,p−n}p |2 =
1
n!(p− n)!Ωµ1 ... µni1 ... ip−nΩ¯
µ1 ... µni1 ... ip−n . (162)
Ten-dimensional Hodge duality is defined by
∗ Ωp = 1
p!(10− p)!ǫ
I1 ... Ip
Ip+1 ... I10ΩI1 ... Ipdx
Ip+1 ∧ · · · ∧ dxI10 , (163)
and the six-dimensional Hodge star is given by
(⋆Ωp)
{n,6−p+n}
µ1...µnj1...j6−p+n
=
1
(p− n)!ǫ
i1...ip−n
j1...j6−p+nΩµ1 ... µni1 ... ip−n . (164)
We also define derivative operators
d{1,0}Ω{n,p−n}p = (dΩ
{n,p−n}
p )
{n+1,p−n} ,
d{0,1}Ω{n,p−n}p = (dΩ
{n,p−n}
p )
{n,p+1−n} . (165)
For the totally antisymmetric tensor ǫ we use the convention
ǫ1 ...D = ±√gD , ǫ1 ...D = 1√
gD
, (166)
with gD being the (absolute value of the) determinant of the metric and the sign
depends on the signature of the metric.
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A.2 Einstein equations with warp factors
In this appendix we give the results for the Ricci tensor of a general warped metric
ansatz (133). With that ansatz the Christoffel symbols are found
Γµνρ = Γˆ
µ
νρ , Γ
µ
ij = Γ
i
µj = 0 ,
Γµνi = −
1
2
δµν ∂i ln(∆) , Γ
i
µν =
1
2
gˆµν∆
−1−bgˆij∂j ln(∆) ,
Γijk = Γˆ
i
jk +
b
2
(
δij∂k ln(∆) + δ
i
k∂j ln(∆)− gˆjkgˆil∂l ln(∆)
)
. (167)
This leads to
Rµν = Rˆµν +
1
2
gˆµν∆
−1−b
(
gˆij∇ˆi∂j ln(∆)− 2(1− b)gˆij∂i ln(∆)∂j ln(∆)
)
= Rˆµν +
1
2
gˆµν∆
1−3b gˆij∇ˆi
(
∆2(b−1)∂j ln(∆)
)
,
Rij = Rˆij + 2(1− b)∇ˆi∂j ln(∆) + (b2 − 2b− 1)(∂i ln(∆))(∂j ln(∆))
+b(1− b)gˆij gˆkl∂k ln(∆)∂l ln(∆)− b
2
gˆij gˆ
kl∇ˆk∂l ln(∆) , (168)
where ∇ˆi involves the Christoffel symbols Γˆijk. We define the energy momentum
tensor for some action S[g] by
TIJ = − 2√−g
δS
δgIJ
, (169)
T denoting its trace TIJgIJ , and the Einstein equations are then written
1
κ210
RIJ = SIJ , SIJ = TIJ − 1
8
gIJT . (170)
In a flat Minkowski vacuum (Rˆµν = 0) the trace of the space-time components
then always takes the form
1
κ210
gˆij∇ˆi
(
∆2(b−1)∂j ln(∆)
)
=
1
4
∆3b−2
(Tµνgµν − Tijgij) . (171)
From this follows the famous constraint [51] that the right-hand side, with the
given warped ansatz and without higher derivative terms in the action, has to in-
tegrate to zero. Thus, whenever it is positive or negative definite, it has to vanish,
which then implies the absence of fluxes and warp factors.
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A.3 Energy momentum tensors
In this section we give the explicit forms of the energy momentum tensors of the
various background contributions referring to the ten-dimensional action (98) in
the Einstein-frame. The only Poincare´ invariant background form fields we turn on
are the internal components of the 3-form, i.e. the fluxes Gˆ
{0,3}
3 , and the components
F
{4,1}
5 and F
{0,5}
5 (i.e. we do not consider any background for the RR axion that
would be needed in discussing D7-brane solutions, cf. [90]). The 5-form ansatz has
to be self-dual and was given in (132). It satisfies F5 = (1+ ∗)dα∧ dx0 ∧ ... ∧ dx3,
such that we have in particular |F5|2 = 0. For these fluxes one finds the following
contributions to the energy momentum tensor,
T 3−fluxµν = −
∆−3b
4κ210
eΦgµν |Gˆ{0,3}3 |2gˆ , (172)
T 3−fluxij = −
1
4κ210
eΦ
(
gij∆
−3b|Gˆ{0,3}3 |2gˆ − (Gˆ{0,3}3 )(i|kl|( ˆ¯G
{0,3}
3 )j)mn g
kmgln
)
,
T 5−fluxµν =
1
4κ210
(
1
3!
(F5)µρστi(F5)ναβγj g
ραgσβgτγgij
)
= − 1
4κ210g4
gµν(∂iα)(∂jα)g
ij ,
T 5−fluxij =
1
4κ210
(
1
4!
(F5)iKLMN(F5)jOPQR g
KOgLPgMQgNR
)
=
1
2κ210g4
(
1
2
gij(∂kα)(∂lα)g
kl − (∂iα)(∂jα)
)
.
Note T 3−fluxij gij = T 5−fluxIJ gIJ = 0. If one specializes to b = 1, α = −∆−2 and
gˆµν = ηµν one can rewrite (168) into [75]
Rµν − κ210T 5−fluxµν =
1
4
ηµν∆
−4gˆij∇ˆi∂j(∆2) ,
Rij − κ210T 5−fluxij = Rˆij −
1
4
gˆij∆
−2gˆkl∇ˆk∂l(∆2) . (173)
This is the starting point for the self-dual 3-brane solution. In the background the
only allowed components of the open string gauge fields are F{0,2}. From (134) we
then get for the open string sector
T opIJ = T tenIJ + T YMIJ ,
T tenµν = −
µ3√
g6
gµν
∑
branes
(
sm − i
3
tr(AiAjAk)Hijk
)
δ6(xm − x¯m), T tenij = 0,
T YMµν = −
µ3∆
−2b
2
√
g6
gµνe
Φ
∑
branes
tr|F{0,2}|2gˆ smδ6(xm − x¯m) ,
T YMij =
µ3√
g6
eΦgkl
∑
branes
tr(FikFjl) smδ6(xm − x¯m) , (174)
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where we added the correction from the non-abelian DBI action to the tension.
For orientifold planes we write
T O3µν = −
µ3Q3√
g6
gµν
64∑
k=1
δ6(xk − x¯k), T O3ij = 0 . (175)
One then also has T YMIJ gIJ = 0.
A.4 T-duality of RR forms
In this section we specialize the rules for dualizing RR forms given in [77] to the
case relevant in this paper. The essential step is to replace a RR p-form Ωp with a
state
Ω{q,p−q}p →
1
(p− q)!
(
1
q!
Ω
{q,p−q}
µ1...µqi1 ... ip−q
dxµ1 ∧ · · · ∧ dxµq
)
ψi1† . . . ψip−q†|0〉 , (176)
where ψi† and ψi are raising and lowering operators
{ψi†, ψj} = δij , {ψi, ψj} = 0 = {ψi†, ψj†} , (177)
acting on a vacuum with ψi|0〉 = 0 and 〈0|0〉 = 1. The elements of the duality
group, Λ ∈ O(6, 6,R), then act on the space of states (176) via operators Λ, whose
action on
(
ψ†, ψ
)
=
(
ψi†, ψj
)
i,j=1,...,6
is given by
Λ =
(
A B
C D
)
:
(
Λψ†Λ−1,ΛψΛ−1
)
=
(
ψ†, ψ
)( A B
C D
)
. (178)
At the same time, the internal components of the metric (in our case of vanishing
internal NSNS B-field) transform according to
G 7→ (AG+B)(CG+D)−1 . (179)
We are interested in just one particular element that corresponds to inverting the
radii of all d = 6 circles. This is in fact not a completely well specified operation,
since the signs that can appear in the mapping of the RR forms depend on the
order in which the circles are dualized. In view of (179) we choose the element Λ
with A = D = 0 and B = C = 16, where 16 denotes the six-dimensional unity
matrix. This element is given by31
Λ = Λ−1 · · · Λ−6 , Λ−i = ψi† − ψi , (180)
which satisfies Λ2 = −1 and
ΛψiΛ
−1 = ψi† , Λψi†Λ−1 = ψi . (181)
31In terms of the notation used in [77] this corresponds to Λ = C−.
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The action of Λ on a given RR form (176) can then be obtained from
Λψi1† · · · ψin†|0〉 = ψi1 . . . ψinΛ|0〉 =
(−1)n(n−1)/2
(6− n)! ǫˆi1...i6ψ
in+1† . . . ψi6†|0〉 , (182)
where ǫˆ has been introduced below (19).
B Kinetic and CS terms for the scalars (C4)ijkl
The kinetic terms for the scalars (C4)ijkl given in (45) (however without 3-form
flux) and the Chern-Simons terms of (39) are also derivable directly by a reduction
of the truncated type IIB action. In this section we calculate them in a similar
fashion as is done e.g. in [29, 81]. We start with the pseudoaction of type IIB
string theory without imposing the self-duality of the 5-form field strength, reduce
it to four dimensions and afterwards impose the self-duality by adding a suitable
Lagrange multiplier. The relevant part of the ten-dimensional action is
S = 1
8κ210
∫
F5 ∧ ∗F5 − 1
4κ210
∫
C4 ∧ dB2 ∧ dC2 + · · · . (183)
The field strength F5 is defined as in (8), i.e. after the truncation to the T-dual
type I′ theory
F5 = (dC4)
{1,4} + (dC4)
{3,2} − 1
2
B
{1,1}
2 ∧ (dC2){2,1} +
1
2
C
{1,1}
2 ∧ (dB2){2,1} . (184)
This corresponds to expanding C4 as
C4 = C
{2,2}
4 + C
{0,4}
4 . (185)
The self-duality condition for F5 gives
(dC4)
{1,4} = ∗
(
(dC4)
{3,2} − 1
2
B
{1,1}
2 ∧ (dC2){2,1} +
1
2
C
{1,1}
2 ∧ (dB2){2,1}
)
. (186)
Plugging (184) and (185) into (183) we obtain
S = 1
8κ210
∫ ([
(dC4)
{3,2} − 1
2
B
{1,1}
2 ∧ (dC2){2,1} +
1
2
C
{1,1}
2 ∧ (dB2){2,1}
]
∧ ∗
[
(dC4)
{3,2} − 1
2
B
{1,1}
2 ∧ (dC2){2,1} +
1
2
C
{1,1}
2 ∧ (dB2){2,1}
]
+(dC4)
{1,4} ∧ ∗(dC4){1,4}
)
− 1
4κ210
∫
C
{0,4}
4 ∧ (dB2){2,1} ∧ (dC2){2,1} . (187)
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In order to implement the self-duality condition (186) we add the Lagrange multi-
plier Cˇ
{0,4}
4
δS = − 1
4κ210
∫ (
F
{3,2}
5 +
1
2
B
{1,1}
2 ∧ (dC2){2,1} −
1
2
C
{1,1}
2 ∧ (dB2){2,1}
)
∧ (dCˇ4){1,4} .
(188)
The equation of motion for Cˇ
{0,4}
4 implies
F
{3,2}
5 = (dC4)
{3,2} − 1
2
B
{1,1}
2 ∧ (dC2){2,1} +
1
2
C
{1,1}
2 ∧ (dB2){2,1} . (189)
On the other hand, the equation of motion for F
{3,2}
5 in combination with the
self-duality condition (186) leads to the identification of (dC4)
{1,4} and (dCˇ4)
{1,4}
(dCˇ4)
{1,4} = (dC4)
{1,4} . (190)
Using this in S + δS gives (after a partial integration)
S = 1
4κ210
∫
(dC4)
{1,4}∧∗(dC4){1,4}+ 1
2κ210
∫
(dC2)
{2,1}∧(dB2){2,1}∧C{0,4}4 , (191)
which obviously coincides with (39) and the kinetic term for C
{0,4}
4 in (45) in the
absence of fluxes.
Let us also mention here that it is not straightforward to modify this procedure
to include also the 3-form fluxes. If one just naively plugs the ansatz with 3-form
fluxes into the action (183), one has to replace
(dC4)
{1,4} → (dC4){1,4} − 1
2
B
{1,1}
2 ∧ (dC2){0,3} +
1
2
C
{1,1}
2 ∧ (dB2){0,3} (192)
in (184), (186) and (187). In addition one gets a further Chern-Simons term
− 1
4κ210
∫
C
{2,2}
4 ∧
(
(dB2)
{2,1} ∧ (dC2){0,3} − (dC2){2,1} ∧ (dB2){0,3}
)
. (193)
One immediately runs into trouble now when one considers the equation of motion
for C{2,2}. It is given by
d{1,0} ∗ F {3,2}5 = −(dB2){2,1} ∧ (dC2){0,3} + (dC2){2,1} ∧ (dB2){0,3} , (194)
which, however, is not consistent with the self-duality condition (186) after per-
forming the substitution (192). This would require a factor 1/2 on the right side
of (194), as
d{1,0}F
{1,4}
5 = −
1
2
(dB2)
{2,1} ∧ (dC2){0,3} + 1
2
(dC2)
{2,1} ∧ (dB2){0,3} . (195)
This formula is consistent with the {2, 4}-component of the Bianchi identity
(dF5)
{2,4} = −(dB2){2,1} ∧ (dC2){0,3} + (dC2){2,1} ∧ (dB2){0,3} , (196)
as the latter actually gets two contributions. Only one is from d{1,0}F
{1,4}
5 . The
other one comes from d{0,1}F
{2,3}
5 and is identical to the first one.
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C The self-dual type I action
Due to the fact that the conventional formulation of the CS action of D-branes
involves RR potentials of all (even) degrees (in type IIB) [63], it might seem more
appropriate to start with a formulation of type I supergravity that is democratic in
the appearance of the RR fields C2 and C6. Its closed string part could be obtained
by quotienting world-sheet parity out of the democratic version of type IIB, whose
RR sector was given in (15), and which is also much better adapted to make the
invariance of the type IIB action under T-duality explicit. We did not follow this
approach because the introduction of the superfluous degrees of freedom is only
needed in a discussion of the correct treatment of the CS-terms appearing in the
D3-brane action, cf. section 2.4. For the derivation of the T-dual action performed
in chapter 2 it is actually not necessary to work with this democratic formulation.
Nevertheless, we give it here for completeness and because of its relevance for the
discussion in section 2.4.
The self-dual type I action which contains C2 and C6 democratically is given
by32
Sself−dual = 1
2κ210
∫
d10x
√−g
(
e−2Φ (R + 4∂µΦ∂
µΦ)− 1
4
|F˜3|2 − 1
4
|F˜7|2
)
− 1
2g210
∫
d10x
√−ge−Φtr |F|2 (197)
− 1
4g210
∫
dC2 ∧ ω7 − 1
4g210
∫
dC6 ∧ ω3 + κ
2
10
4g410
∫
ω7 ∧ ω3 .
We have included terms dCp ∧ ω9−p stemming from the Chern-Simons action Cp ∧
ch(F) of the 9-branes. In analogy to F˜3 we then define
F˜7 = dC6 − κ
2
10
g210
ω7 . (198)
The normalization of the D9-brane CS terms is exactly one half of the ordinary.
In addition to this action the duality condition
∗ F˜3 = −F˜7 (199)
has to be imposed after deriving the equations of motion. This procedure is jus-
tified primarily by checking that the equations of motion and Bianchi identities
that result from the self-dual action become identical to the standard equations
derived from (2) plus the D9-brane interaction dC2 ∧ ω7, after imposing the con-
straint (199). This requirement lead us to introduce the slightly exotic interaction
ω7 ∧ ω3.33
32Actually, as already mentioned in the main text, in the presence of the ω7-terms it is not
consistent to just keep the quadratic term |F|2 in an expansion of the DBI action. It is understood
that further terms would have to be added in a rigorous treatment.
33Such terms are, however, familiar from anomaly cancellation, see e.g. formula (A.14) in [104].
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Let us also check that the action (197) really reproduces the old action (2) plus
D-brane Chern-Simons term after the duality constraint (199) has been eliminated.
Thus we add the Lagrange multiplier term
δS = − 1
4κ210
∫
dCˇ2 ∧ dC6 = − 1
4κ210
∫
dCˇ2 ∧ (F˜7 + κ
2
10
g210
ω7) . (200)
The equation of motion for F˜7 is just
∗ F˜7 = −Fˇ3 = −dCˇ2 + κ
2
10
g210
ω3 , (201)
i.e. Fˇ3 has the same dependence on Cˇ2 as F˜3 has on C2. Comparing with (199)
and using ∗∗ = 1 for a form of odd degree in an even-dimensional space-time of
Lorentzian signature, we see that
Fˇ3 = F˜3 . (202)
Using this and (201) to eliminate F˜7 leads to the original action
S ′I =
1
2κ210
∫
d10x
√−g
(
e−2Φ (R + 4∂µΦ∂
µΦ)− 1
2
|F˜3|2
)
− 1
2g210
∫
d10x
√−ge−Φtr |F|2 − 1
2g210
∫
dC2 ∧ ω7 (203)
involving only the RR 2-form C2 including the properly normalized Chern-Simons
action of a D9-brane.
On the other hand, one may want to integrate out C2 in place of C6. Instead
of (200) we add
δS = − 1
4κ210
∫
dC2 ∧ dCˇ6 = − 1
4κ210
∫
(F˜3 +
κ210
g210
ω3) ∧ dCˇ6 . (204)
The equation of motion of F˜3 is given by
∗ F˜3 = dCˇ6 + κ
2
10
g210
ω7 . (205)
Comparing this with (199) now leads to the relation
dCˇ6 = −dC6 . (206)
With the help of (206) and (205) we can eliminate F˜3 and get
S ′′I =
1
2κ210
∫
d10x
√−g
(
e−2Φ (R + 4∂µΦ∂
µΦ)− 1
2
|F˜7|2
)
− 1
2g210
∫
d10x
√−ge−Φtr |F|2 − 1
2g210
∫
F˜7 ∧ ω3 (207)
53
In particular there is now an extra Chern-Simons term of the form
1
2g210
∫
ω3 ∧ ω7 . (208)
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